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 In the past decade, Drosophila melanogaster has been proven to be an excellent 
model for studying the mechanisms of asymmetric cell division, which generates cell 
diversity during animal development. In this thesis I analyze telophase rescue in detail in 
insc mutant NBs and report that DTRAF1 is specifically involved in telophase rescue for 
the cell fate determinant Mira/Pros but not for Pon/Numb.  DTRAF1 is localized to the 
apical cortex of mitotic NBs and interacts with Baz in vitro. I demonstrate that telophase 
rescue is compromised when DTRAF1 is removed or delocalized from the apical cortex 
in various genetic backgrounds.  I also show that Eiger, the Drosophila homolog of TNF, 
is required for telophase rescue. My data provide the first evidence that in Drosophila 
embryonic CNS, the TNF signal pathway is involved in Mira/Pros telophase rescue.  
 
 














  There are two types of cell division: symmetric and asymmetric. The 
symmetric cell division produces two identical daughter cells that acquire the 
same developmental fate. The main purpose of symmetric divisions is 
proliferation, i.e. expansion of cell populations. The asymmetric cell division 
gives rise to two daughter cells with different developmental fates and generates 
cell diversity from bacteria to mammals. The asymmetric cell division can be 
achieved by either intrinsic or extrinsic mechanisms. Intrinsic mechanism involves 
the preferential segregation of cell fate determinants into one of two daughter cells 
during mitosis, which requires a highly specialized machinery that mediates 
correct spindle orientation and coordinates other key events in this process to 
ensure the faithful segregation of determinants. Extrinsic mechanism involves 
cell–cell communication. In metazoans, interactions between daughter cells or 
between a daughter cell and other nearby cells could specify daughter cell fate. 
Recent studies have indicated that a combination of intrinsic and extrinsic 
mechanisms specify distinct daughter cell fates during asymmetric cell divisions. I 
will focus my introduction on the asymmetric cell divisions that occur during the 
early divisions of Caenorhabditis elegans embryos and the development of 
Drosophila embryonic central nervous system. 
 
1. Asymmetric cell division in C. elegans 
 Caenorhabditis elegans provides an excellent model for the understanding 
the mechanism of asymmetric cell division, which generates cell type diversity 
during animal development (Figure1). The one-cell Caenorhabditis elegans 
embryo divides asymmetrically to produce one large and one small blastomere 
with different cell fates (Cowan & Hyman, 2004, review). Three steps are 
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required for this asymmetric cell division. First, a polarity cue determines the 
position of the cell axis. Shortly after fertilization, the sperm pronucleus and its 
associated centrosomal asters provide a cue to establish the anterior-posterior (AP) 
body axis. Next, this polarity cue triggers the formation of cortical domains, 
which consist of PAR proteins: an anterior domain defined by the presence of a 
complex of PAR-3, PAR-6, and an atypical protein kinase C, and a posterior 
domain defined by PAR-1 and PAR-2. Finally, these cortical domains are required 
for the first asymmetric mitotic division including a posterior displacement of the 
spindle and the differential segregation of cell-fate determinants to the anterior 
and posterior daughters (Schneider & Bowerman, 2003). 
 
1.1 The establishment of the anterior-posterior (AP) body axis 
 About 30 minutes after fertilization, the sperm pronucleus and its 
associated centrosomes generate a cytoplasmic flux that pushes this sperm 
pronucleus/centrosomal complex (SPCC) toward one pole (Hird and White, 1993; 
Goldstein and Hird, 1996). The oocyte pronucleus migrates during maturation 
toward the pole opposite to SPCC. Upon reaching a pole, the oblong shape of the 
zygote apparently suffices to maintain the polar localization, and the SPCC 
becomes closely apposed to the cell cortex. Two centrosomes, produced by 
duplication of the sperm-donated centriole pair, are positioned between the 
pronucleus and cell cortex. Preceding this close apposition, transient membrane 
invaginations occur throughout the surface of the zygote. Subsequently, a local 
cessation of cortical contractile activity appears directly over the SPCC. This 
smooth cortical surface rapidly expands toward the opposite pole, culminating in a 
Chapter1                                                                                                  Introduction 
  
 4 
deep invagination of the plasma membrane, called the pseudocleavage furrow, at 
the boundary of the smooth and contractile surfaces. 
 
 
 The morphological changes associated with the arrival of SPCC at one 
pole reflect the establishment of the AP axis, the first body axis to form in C. 
elegans. Several investigations indicate that the sperm pronucleus–associated 
centrosomes are responsible for specifying the posterior pole and hence the AP 
axis. First, the pole occupied by SPCC always becomes the posterior pole 
(Albertson, 1984; Goldstein & Hird, 1996). Furthermore, mutants in which 
centrosome maturation is delayed or absent fail to establish a posterior pole, and 
mutant sperms that are anucleate but retain a centriole pair can fertilize oocytes 
and establish an AP axis. Finally, in mutant embryos arrested at the metaphase of 
meiosis I due to the loss of APC function, the sperm-donated centrioles never 
mature and do not specify a posterior pole. In the absence of centrosomes, the 
Figure 1. Cell polarity in the C. elegans zygote. The cell cortex of the zygote is 
divided into distinct anterior (red) and posterior (green) domains. The mitotic 
spindle is positioned closer to the posterior pole, which results in the 
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meiotic spindle seems to establish some posterior character at its pole and 
influence the cortical polarity through the plus end contact with the cell cortex. 
But the meiotic spindle lacking centrioles can only partially and transiently 
specify a posterior pole because the spindle does not generate a cytoplasmic flux 
and the cytoplasmic ribonucleoprotein complexes called P granules remain evenly 
distributed throughout the cytoplasm (Yang et al., 2003).  
 It appears that the centrosomal cue specifies the posterior pole through its 
influence on the cortical microfilament cytoskeleton. The cortical accumulation of 
microfilaments requirs the formin homology protein CYK-1 and the profilin PFN-
1. Chemical disruption of microfilaments with cytochalasin D treatment, or 
genetic disruption by the depletion of PFN-1, eliminates contractile activity 
throughout the cortex during meiosis, and abolishes both the cytoplasmic flux 
normally directed by the SPCC and the establishment of an AP axis (Severson et 
al., 2002 ). All these may suggest two possible models for axis formation. The 
maturing sperm pronucleus-associated centrosomes may destabilize overlying 
cortical microfilaments after the completion of meiosis. As a result, the contractile 
activity generated by NMY-2 and MLC-4 can pull microfilaments away from the 
point of weakening, promoting a contraction of the entire network toward the 
opposite pole. This contraction of the microfilament network toward one pole may 
account for the cortical movement of cytoplasm away from, and internal 
cytoplasm toward, the SPCC. It is also possible that cortical microfilaments are 
influenced by expansion of the area in which astral microtubule plus-ends contact 
the cell cortex, as sperm asters mature and nucleate more and longer microtubules 
(Wallenfang & Seydoux, 2000). 
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1.2 The formation of cortical domains 
 The establishment of an AP axis after fertilization results in the first 
mitotic division of the zygote being asymmetric. This unequal division produces a 
larger anterior daughter, AB, which divides before its smaller posterior sister P1. 
AB divides equally, with its mitotic spindle perpendicular to the AP axis, whereas 
P1 divides asymmetrically, with its mitotic spindle aligned with the AP axis. 
Genetic screens have identified a group of conserved, cortically localized 
regulators called the PAR (partitioning-defective) proteins that are required for 
these AP asymmetries. In most par mutant embryos, the first mitotic division is 
equal, and the two daughters divide synchronously, with mitotic spindles often 
aligned along the same axis (Rose & Kemphues, 1998). Among six of them, PAR-
3 with three PDZ domains and PAR-6 with a single PDZ domain, form a complex 
with an atypical protein kinase C (PKC-3) (Etemad-Moghadam et al., 1995; Watts 
et al., 1996; Tabuse et al., 1998). This complex becomes restricted to the anterior 
cortex of the one-cell zygote after the SPCC-induced polarization of the AP axis. 
The RING-finger protein PAR-2 and the serine/threonine kinase PAR-1 become 
restricted to the posterior cortex (Levitan et al., 1994; Guo & Kemphues, 1995; 
Boyd et al., 1996). The boundaries of these two cortical domains abut roughly 
midway along the AP axis. In the absence of any one of the anterior group 
proteins, the other two members of the complex are lost from the cortex, and the 
posterior cortical proteins PAR-1 and PAR-2 spread toward the anterior pole. In 
the absence of PAR-2, PAR-1 is lost from the cortex and the anterior complex 
spreads toward the posterior. PAR-1 appears to be downstream of PAR-2, as the 
polarized distributions of PAR-2 and the anterior complex are not affected by the 
absence of PAR-1. The other two PAR proteins, the serine/threonine kinase PAR-
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4 and the 14-3-3 protein PAR-5, are uniformly distributed throughout the cortex in 
early embryonic cells. In the absence of PAR-5, the anterior and posterior cortical 
domains are no longer mutually exclusive and overlap.  
 The PAR protein asymmetry is established by the SPCC cue (Cuenca et al., 
2003). Before polarization of the zygote, the anterior and posterior PAR proteins 
are uniformly distributed around the cortex, and the sperm cue appears to result in 
an increase in cortical levels of the PAR proteins that then organize and maintain 
mutually exclusive domains and their polarized distribution. The smooth patch of 
cortex over the SPCC still appears in all par mutant embryos, suggesting that this 
initial step in polarization is upstream of the PAR proteins. Although the small 
GTPase CDC-42 is not required for the initial establishment of an anterior PAR 
domain, it is required to maintain this polarized distribution and to prevent overlap 
of the anterior and posterior PAR domains. After depletion of CDC-42, PAR-2 
does not respond to the SPCC and remains present throughout the cortex. The 
final position of the anterior and posterior PAR boundary depends at least in part 
on a feedback loop involving PAR-1 and two nearly identical and largely 
redundant cytoplasmic CCCH finger proteins called MEX-5 and MEX-6 (Cuenca 
et al., 2003). In par-1 mutant embryos, the PAR-2 domain expands more rapidly 
and advances further toward the anterior pole, with a corresponding reduction of 
the anterior PAR domain and a more anterior position of the pseudocleavage 
furrow. In contrast, depletion of MEX-5 and MEX-6 reduces the expansion of 
PAR-2, resulting in a more extensive anterior PAR domain and a more posterior 
pseudocleavage furrow. Moreover, depletion of MEX-5 and MEX-6 in par-1 
mutant embryos suppresses the overexpansion of PAR-2. In a wild-type zygote, 
MEX-5/6 levels initially are high throughout the cytoplasm when axis formation 
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begins, but decrease in the posterior cytoplasm as PAR-1 accumulates at the 
posterior cortex, and this reduction requires PAR-1 (Cuenca et al., 2000; Schubert 
et al., 2000). Thus the accumulation of PAR-1 may eventually deplete MEX-5/6 
sufficiently to limit expansion of the posterior domain.  
 
1.3 Cortical domains are required for asymmetric events in the early 
embryo 
 The PAR proteins are required for most AP asymmetries in the early 
embryo, which include a posterior displacement of the first mitotic spindle and the 
polarized distribution of cell-fate determinants along the AP axis (Rose & 
Kemphues, 1998). Recent studies show that distinct pathways operate downstream 
of the PAR proteins to control these two processes.  
  
 1.3.1 The control of spindle positioning during the first mitotic 
division of the C. elegans zygote. 
 After the SPCC establishes a posterior pole, the sperm pronucleus and the 
maternal pronucleus will meet near posterior pole and form a complex. This 
complex then rotates such that the centrosomes align with the AP axis. At the 
same time, the complex will move toward the center of the zygote. The rotation 
and centration require dynein, dynactin, and long astral microtubules. When 
dynein and dynactin are partially depleted, pronuclear migration can occur but 
rotation and centration often fail, leaving the pronuclear/centrosome complex in 
the posterior. Similarly, if microtubules are partially destabilized by agents such 
as nocodazole, centration and rotation fail to occur (Hyman & White, 1987). It 
seems that a protein called LET-99 is required for the regulation of cortical forces 
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on astral microtubules. In let-99 mutants, the nuclear-centrosome complex swings 
back and forth and fails to centrate. LET-99 appears to act downstream of the 
PAR proteins because the positioning of LET-99 requires PAR-2 and PAR-3, 
while PAR-2 and PAR-3 are localized normally in let-99 mutants.  
 After rotation and centration, the spindle moves toward the posterior pole 
with greater forces applied from the posterior cortex as it elongates during 
anaphase. The PAR proteins are required to generate the asymmetry in cortical 
pulling forces (Grill et al., 2001). In par-2 and par-3 mutants, the first mitotic 
spindle remains centrally positioned, producing daughters of equal size. PAR-3 
decreases the cortical forces at the anterior pole in a wild-type embryo, while 
PAR-2 simply restricts the function of PAR-3 to the anterior. Recent studies 
reveal that the PAR proteins influence the magnitude of cortical forces through 
two redundant heterotrimeric G protein alpha subunits, GOA-1 and GPA-16. After 
depletion of both Gα subunits, the first mitotic spindle remains centrally 
positioned, both centrosomes remain spherical, and neither pole exhibits rocking 
motions. Furthermore, GOA-1 and GPA-16 are required for most if not all of the 
cortical forces applied to centrosomes (Gotta et al., 2001; Colombo et al., 2003).  
 Though required for the cortical forces, GOA-1 and GPA-16 do not appear 
to account for the asymmetry in force since GOA-1 is uniformly distributed 
throughout the cortex of early embryonic cells and does not show any asymmetric 
localization. The generation of asymmetric cortical forces may be regulated by 
two nearly identical proteins called GPR-1 and GPR-2 that contain Goloco motifs 
(Colombo et al., 2003). These two proteins appear to provide receptor-
independent activation of Gα proteins to influence mitotic spindle positioning. 
Depletion of GPR-1/2 results in a phenotype identical to that of GOA-1/GPA-16 
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depleted embryos. RIC-8, a putative guanine nucleotide exchange factor for Gα, 
interacts genetically with GOA-1 to cause spindle position defects at the 2-cell 
stage, suggesting that RIC-8 also activates GOA-1 (Miller & Rand, 2000). A 
coiled coil protein called LIN-5 is involved in recruiting GPR-1/2 and GOA-
1/GPA-16 to the cortex and to spindle poles. GPR-1/2 may positively regulate 
forces at the posterior by acting through GOA-1 and GPA-16.  
 The finding that pulling forces act on spindle poles suggests that the force 
generating machinery is present at the cell cortex and interacts with microtubule 
plus ends that contact the cortex (Grill et al., 2001). One dynein heavy chain and a 
dynactin subunit are involved in assembly and positioning of the first mitotic 
spindle, hence the asymmetry in cortical forces displaces the first mitotic spindle 
toward the posterior pole. These results indicate that a PAR-dependent asymmetry 
in pulling forces at each pole is generated by the decreased stability of 
microtubules at the posterior pole and the capture of the shortening plus ends by a 
cortically anchored complex. More recently, experiments using Latrunculin A 
exposure during pronuclear migration have suggested that microfilaments are 
required for the spindle rotation, even in the absence of normal cell polarity. 
 
 1.3.2 Polarized distribution of cell-fate determinants along the AP axis  
 The cortical PAR proteins are required for the asymmetric segregation of  
cytoplasmic cell-fate determinates along AP axis  in the first mitotic division. 
PAR-1 is required for the asymmetric distribution of two partially redundant 
cytoplasmic proteins called MEX-5 and MEX-6 (Boyd et al., 1996; Guo &  
Kemphues, 1995; Schubert et al., 2000). PAR-1 restricts MEX-5 and MEX-6 to 
the anterior cytoplasm, with the posterior MEX-5/6 boundary in the cytoplasm 
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corresponding precisely to the anterior boundary of PAR-1 at the cortex. In par-1 
mutants, MEX-5 and MEX-6 are present at high levels throughout the cytoplasm, 
whereas PAR-1 distribution is unaffected in mex-5, mex-6 double mutants. MEX-
5 and MEX-6 in turn are required to restrict a group of proteins that include PIE-1, 
POS-1 and MEX-1 to the posterior cytoplasm of the zygote. In mex-5; mex-6 
mutants, PIE-1, POS-1, and MEX-1 are present throughout the cytoplasm, 
whereas MEX-5 and MEX-6 are unaffected in mutants lacking PIE-1, POS-1, or 
MEX-1. Thus a hierarchy of regulation converts the cortical polarity of the PAR 
proteins into a complementary pattern of cytoplasmic protein polarity. Eliminating 
any one of these proteins results in abnormal cell-fate patterning. For example, 
PIE-1 appears to specify germline fate, and in pie-1 mutants germline is not 
produced and excess pharynx and intestine are made (Mello et al., 1992, 1996; 
Seydoux et al., 1996).  
 Several studies have suggested that the distribution of cell-fate 
determinants is regulated by protein stability differences at each pole, protein 
translocation through the cytoplasm and the regulation at translational level. The 
posterior cortex localization of cytoplasmic ribonucleoprotein, P granules, 
involves both the movement of P granules toward the posterior and the instability 
and eventual degradation of P granules that fail to move to the posterior. 
Furthermore, the normal distribution of PIE-1 in embryonic cells requires the 
degradation of PIE-1 left in the anterior daughter (Reese et al., 2000). The 
ubiquitin-mediated targeting of PIE-1 and other posterior CCCH finger proteins 
for proteosome-mediated degradation in anterior daughter cells is responsible, in 
part, for the asymmetric cytoplasmic distributions of these proteins. This 
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degradation also requires the presence of MEX-5 and MEX-6, but how these two 
proteins contribute to the process is not known.  
 Another mechanism regulating the asymmetric distribution of 
developmental regulators is the spatial regulation of translation since most of the 
maternally expressed mRNAs that encode determinants of cell fate are uniformly 
distributed throughout early embryonic cells in C. elegans. For example, the 
Notch receptor homolog GLP-1 is detected at high levels only in anterior cells 
(Evans et al., 1994). The combinatorial regulation by trans-acting factors provides 
both spatial and temporal regulation of translation in anterior and posterior 
embryonic cells. The CCCH protein POS-1 and an RRM (RNA Recognition Motif) 
protein called SPN-4 bind different sequences in the 3’ UTR of glp-1 mRNA, 
called the spatial control region (SCR) and temporal control region (TCR), 
respectively. POS-1 is required to repress the translation of glp-1 mRNA in 
posterior cells, while SPN-4 is required to facilitate translation in the anterior. The 
STAR/KH domain protein GLD-1 also binds to the same SCR of glp-1 mRNA 
and represses glp-1 translation in the posterior (Marin & Evans, 2003). Thus, 
GLP-1 localization may involve both localization of repressors to the posterior 
and de-repression in the anterior. Thus a sequence of protein stability and 
translational regulation are in part responsible for converting the polarity first 
established by the sperm pronucleus–associated cue and the PAR proteins into 
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2. Asymmetric cell division in Drosophila melanogaster 
 Drosophila melanogaster provides another excellent model for 
understanding the mechanisms behind asymmetric cell division during animal 
development. The complexity of neuronal cell types in the central nervous system 
(CNS) of Drosophila is generated by the asymmetric cell division of stem-cell-
like precursors, neuroblasts (NBs), which are derived from the ventral and 
procephalic neuroectoderm. At least three types of NBs make up the CNS: the 
first is the ventral NBs, which enlarge and delaminate from the neuroectoderm 
and divide repeatedly to ‘bud off’ smaller ganglion mother cells (GMCs). Each 
GMC divides terminally to produce a pair of neurons or glia (Goodman and Doe, 
1993), which form the ventral cord of the CNS.  The second type is the 
procephalic ectodermal cells (domain 9 cells, Campos-Ortega & Hartenstein, 1965; 
Foe, 1989), which divide asymmetrically along the apical/basal axis without 
delaminating.  The domain 9 cells behave exactly like ventral NBs and divide 
asymmetrically to produce two daughters with different cell size.  The neurons 
derived from domain 9 cells form the brain lobes. The third type comprises the 
MP2 cell, which is formed just like a ventral NB but only divides asymmetrically 
once to produce a basal neuron dMP2, and an apical neuron vMP2, each with 
different axonal projections and patterns of gene expression (Spana et al., 1995). 
 
2.1 Asymmetric division of NBs in the Drosophila central nervous system 
 CNS in Drosophila develops from the NB, the precursor cell with stem 
cell-like properties (Figure 2). The NBs delaminate basally as individual cells 
from the neuroectodermal epithelium. The decision whether to adopt a neuroblast 
versus epidermal fate involves cell- cell communication mediated by proneural 
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asymmetrically to produce one big and one small cell in each division. The larger 
apical daughter cell remains as NB and continues to divide in a stem-cell-like 
fashion, while the smaller basal daughter is the ganglion mother cell (GMC)  and 
divides one more time to generate two neurons or glial cells (Campos-Ortega, 
1993; Goodman & Doe, 1993). During the NB division, the mitotic spindle is 
parallel to the epithelium at prophase. By metaphase it rotates 90° and becomes 
perpendicular to epithelium. As the consequence, the GMC is always pinched off 
at the basal side of the NB. Several proteins and mRNAs that serve as cell fate 
determinants are localized to the basal pole of the NB during mitosis and are 
segregated exclusively to the GMC during cytokinesis. One of these basal proteins, 
the homeobox transcription factor Prospero (Pros), is required for the GMC-




DmPar-6, aPKC Pins, Gαi, Loco Mira, Pros, Numb, Pon 
Figure 2. Asymmetric cell division of Drosophila neuroblasts. During 
metaphase, Pins, GαI, Insc, Baz, DaPKC and DmPar-6 localize to the apical 
cortex and control the spindle orientation and the basal localization of cell fate 
determinants including Mira, Pros, Numb and Pon. After anaphase, the basal 
protein complex is segregated to the small cell, the future GMC. 
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regulators, leading to exit from the mitotic cycle and allowing terminal 
differentiation of neurons and glia cells after one final cell division (Doe et al., 
1991; Li & Vaessin, 2000). Without Pros, the small basal cell will not become the 
GMC.  In the following sections I will focus on the establishment of apical-basal 
polarity in NBs, the polarized localization of cell fate determinants and the 
mechanism for the different cell sizes between NB and GMC.  
 
2.1.1. Establishment of apical–basal NB polarity 
 The establishment of cell polarity along the apical–basal axis in 
Drosophila NBs is the prerequisite for proper spindle orientation and asymmetric 
segregation of cell fate determinants. Prior to delamination and its first division, 
each NB of the ventral neuroectoderm region (VNR) is integrated into the 
neuroectodermal epithelium  and is connected to adjacent cells by the zonula 
adherens (ZA), a belt like adherens junction (AJ) encircling the apex of the cells. 
Polarity is inherited when NBs become specified in the polarized neuroectoderm 
and delaminate basally from the epithelium layer. Proteins of the PAR/aPKC 
complex [Bazooka (Baz); atypical protein kinase C (DaPKC); PAR-6], which are 
concentrated to the apical side to the adherens junctions in the neuroectoderm, are 
found in a stalk that extends into the epithelial layer and localized to the apical 
cell cortex of dividing NBs after the NB has fully delaminated and the stalk has 
been retracted (Ohno, 2001; Petronczki and Knoblich, 2001; Wodarz, 2002). 
Mutations in the genes encoding components of the PAR/aPKC complex lead to 
loss of apical–basal polarity in both epithelia and NBs, suggesting that NBs inherit 
the cue for the apical-basal polarity from the overlying epithelium layer.
 However, NB polarity is not absolutely dependent on an intact 
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neuroectodermal epithelium. In crumbs (crb) and stardust (sdt) mutants that show 
a loss of epithelial polarity, NB polarity is unaffected (Bachmann et al., 2001; 
Hong et al., 2001). Apparently, crb and sdt act together with the PAR/aPKC 
complex to control epithelial polarity, but only the PAR/aPKC complex is also 
required for the polarity in NBs. The localization of the PAR/aPKC complex to 
the apical cortex could be achieved either by binding of a component of the 
complex to a transmembrane protein or by interaction with lipids on the inner face 
of the plasma membrane. In the epithelium, a candidate transmembrane protein is 
Crb, which binds directly to the MAGUK protein Sdt (Bachmann et al., 2001; 
Hong et al., 2001). The mammalian Sdt homolog, Pals1, binds directly to PAR-6 
and recruits it to the membrane by simultaneously binding to the Crb homolog 
Crb3 (Hurd et al., 2003). However, Crb and Sdt are not expressed in Drosophila 
NBs and until now no other transmembrane protein is identified that might bind to 
the PAR/aPKC complex. The other possibility is that the PAR/aPKC complex is 
recruited to the membrane by membrane lipids since the phosphatidyl-inositol-3-
kinase (PI-3-kinase) pathway is required for the polarized localization of the 
PAR/aPKC complex to the tip of the axon in cultured hippocampal neurons of rats 
(Shi et al., 2003). Alternatively, a component of the PAR/aPKC complex could 
bind to another protein with a lipid binding domain, e.g. a pleckstrin homology 
(PH) or a FYVE domain that could localize the complex to the membrane 
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2.1.2. Asymmetric localization of cell fate determinants and the control of 
spindle orientation in NBs 
 Within dividing NBs, two conserved apical complexes act together with 
the actin cytoskeleton to divide the cell cortex into apical and basal domains. One 
consists of the atypical protein kinase C (DaPKC) and two PDZ (PSD95/Discs 
large/ZO1 domain)-containing proteins, DmPar6 and Bazooka (Baz), the other is 
composed of the GoLoCo motif-containing protein, ‘Partner of Inscuteable’ (Pins) 
and its associated G-protein subunit (Gαi). An adaptor protein, Inscuteable (Insc), 
forms the ‘apical complex’ by linking these two apical complexes by the direct 
interaction of Insc with Pins and Baz (Allison et al., 2004). All these six proteins 
are colocalized in the apical cortex of NBs. In each group, the apical localization 
of each member is interdependent on other ‘apical complex’ members in the NB. 
The heterotrimeric G-protein β and γ complex (Gβγ) is also essential for apical 
complex localization and stability through the interaction with GαI (Schober et al., 
2001; Yu et al., 2003; Fuse et al., 2003). The loss of any component of the apical 
complex results in loss of metaphase localization of the Pon-Numb and Mira-Pros 
crescents to the basal cortex and a defect in the apical-basal spindle orientation 
(Kraut et al., 1996; Petronczki and Knoblich, 2001; Schober et al., 1999; Wodarz 
et al., 1999, 2000; Parmentie et al., 2000; Schaefer et al., 2000, 2001; Yu et al., 
2000, 2003;). The two protein complexes also function redundantly to control the 
size of the two daughter cells. Simultaneous disruption of the two pathways 
results in an equal size cell division (Cai et al., 2003). 
 In mutants for components of the PAR/aPKC complex, the asymmetric 
localization of the cell fate determinants Pros and Numb and their adaptor proteins 
Miranda (Mira) and Partner of Numb (Pon) is disrupted. Furthermore, the 
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orientation of the mitotic spindle is randomized in these mutants (Kuchinke et al., 
1998; Schober et al., 1999; Wodarz et al., 1999, 2000; Petronczki and Knoblich, 
2001). Similar phenotypes have been observed in mutants of other apical complex 
proteins such as insc, pins and Gαi. Insc colocalizes with the Par-3/6 complex in 
the stalk during delamination as well as on the apical cell cortex in delaminated 
NBs (Schober et al., 1999; Wodarz et al., 1999, Yu et al., 2000). Insc, in turn, 
recruits Pins and the heterotrimeric G protein α-subunit Gαi into the complex (Yu 
et al., 2000; Schaefer et al., 2001).     
 Insc is apically localized in the NBs starting from late interphase and 
remains as the apical crescent by anaphase.  By telophase, Insc forms a weak 
extended apical crescent and is never segregated into the future GMCs. The 
weaker signal intensity of Insc at telophase may reflect the cell-cycle-dependent 
degradation of Insc. Insc contains five ankyrin-like repeats, a polyproline region 
that fits the SH3-binding-site consensus sequence, and a carboxyl terminus 
predicted to be rich in α-helices (Kraut & Campos-Ortega, 1996). The structure of 
Insc has led to the proposal that it functions as an adapter protein that interacts 
with several components, including the cytoskeleton. Mira binds to the central 
region of Insc containing the ankyrin-like repeats through its amino terminus, 
which is responsible for Mira asymmetric localization (Shen et al. 1998). This 
central region of Insc, which is sufficient for the asymmetric localization of Insc, 
is also required for its interaction with Baz and Pins. At the same time, the 
carboxyl terminus of Insc, containing the predicted a-helices, binds to the 
carboxyl terminus of Staufen (Tio et al., 1999). Insc is necessary for the 
asymmetric segregation of basal cell fate determinants and the spindle 
reorientation. In insc mutant NBs, the spindle no longer aligns along the apical–
Chapter1                                                                                                  Introduction 
  
 19
basal axis and orientation becomes randomized. Mira, Pros, Numb and Pon are 
either mislocalized or delocalized in mitotic NBs (Kraut et al. 1996).  
 In the past few years, accumulated data suggest that the heterotrimeric G-
proteins are involved in the control of NB asymmetric division. The first evidence 
is the isolation of a protein complex containing Insc, Pins and the Gαi subunit of 
heterotrimeric G-proteins (Schaefer et al., 2000). All three proteins are colocalized 
in the apical cortex of NBs and are connected to the PAR/aPKC complex through 
the possible interaction between Insc and Baz. In single mutants for all three genes 
the mitotic spindle reorientation is affected and cell fate determinants are 
misloclalized or delocalized.  
 It seems that in NBs G-protein signaling is activated by a receptor-
independent mechanism different from the classical signaling pathway in 
mammals. In the classical model, the activation of G-protein signaling cascades 
are triggered by ligand binding to a G-protein-coupled seven-transmembrane 
receptor, which catalyzes the exchange of GDP for GTP in the Gα subunit and the 
dissociation of the G-protein trimer into the free α and βγ subunits (Wodarz, 
2005). The Gα subunit transforms from an inactive GDP-bound state to the active 
GTP-bound state, which allows it to interact with downstream signaling 
components. The free Gβγ subunits can also transmit signals by distinct signaling 
pathways. In Drosophila NBs, the dissociation of the heterotrimeric G-protein 
complex can also be triggered by binding of Pins to GDP–Gαi (Schaefer et al., 
2001). The binding of GDP-Gαi will release the free Gβγ subunits and activate 
the downstream effectors. Consistent with this hypothesis, overexpression of a 
constitutively GTP-bound form of Gαi in NBs causes only subtle dominant 
phenotypes, whereas overexpression of wild-type Gαi leads to an equal-size cell 
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division in NBs (Schaefer et al., 2000, 2001; Yu et al., 2003). This phenomenon 
could be caused by the saturation of free Gβγ subunits by excess GDP–Gαi. The 
similar phenotype in the overexpression of another Gα subunit, Gαo47A, further 
supports this interpretation, since complete loss of Gαo47A function in NBs does 
not have any defect in NBs (Yu et al., 2003). Mutation of Gβ13F and Gγ1 leads to 
essentially the same phenotype as overexpression of Gα subunit, which further 
demonstrates that Gβγ function is essential for asymmetric NB division (Izumi et 
al., 2004; Fuse et al., 2003).  
 Except the binding of Pins to GDP–Gαi, the regulation of heterotrimeric 
G-protein signaling in Drosophila NBs depends on a variety of regulators that 
control the cycleing between the GTP and GDP-bound states. Among these 
regulators are guanine-nucleotide-exchange factors (GEFs) that catalyze the 
exchange of GDP for GTP, GTPase-activating proteins (GAPs) that accelerate the 
hydrolysis of GTP bound to the Gα subunit, and guanine-nucleotide-dissociation 
inhibitors (GDIs) that keep the Gα subunit in the GDP-bound state. It has been 
reported earlier that the equal-sized NB division phenotype in Gβ13F and Gγ1 
mutants is stronger than that in Pins loss-of-function mutant, raising the possibility 
that Pins may not be the only GDI that binds to GDP-Gαi and releases the free 
Gβγ subunits. There may be additional GDI proteins that act redundantly with 
Pins. Indeed, it has been shown recently that a new GDI, Locomotion defects 
(Loco), acts redundantly with Pins for Gαi and functions together with Pins in 
regulating the levels of free Gβγ (Yu et al., 2005). The double mutants of Loco 
and Pins show essentially the same phenotype as Gβ or Gγ mutants. 
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 Apart from the GDI, there might be some GEF and GAP that catalyze the 
exchange of GDP to GTP or hydrolysis GTP to release free GDP bound Gαi, 
respectively. This will enable the recycling of Gαi and start another round of 
signaling. In the search for a GEF in Drosophila, the homolog of the RIC-8 gene 
of C. elegans was cloned and its mutants of this gene were isolated (David et al., 
2005; Hampoelz et al., 2005; Wang et al., 2005). DmRIC-8 binds to GDP–Gαi in 
vitro and forms a complex with Gαi and Pins in vivo. In DmRIC-8 mutants, Gαi, 
Pins and Gβ13F are mislocalized and spindle orientation is randomized. All these 
data indicate that DmRIC-8 is a GEF for Gαi that functions in the G-protein cycle 
in NBs (Wang et al., 2005). Finally, Loco may be a good candidate for the GAP 
since it contains a regulator of G-protein signaling (RGS) domain and shows GAP 
activity towards GTP–Gαi in vitro (Yu et al., 2005).  
 In addition to the proteins of the apical complex, there is another group of 
proteins required for the basal localization of cell fate determinants without 
affecting the localization of apical complex. This includes the tumor suppressor 
genes Lethal giant larvae (Lgl), Discs large (Dlg) and Scribble (Scrib) (Ohshiro et 
al., 2000; Peng et al., 2000; Albertson and Doe, 2003). All three tumor suppressor 
proteins are present in the NB cortex and could thus be more directly involved in 
the targeting or tethering of cell-fate determinants to the basal cortex. Interestingly, 
Lgl binds to the non-muscle myosin II Zipper and restricts the protein to the apical 
cortex. Myosin II is activated by Rho kinase and regulates the basal localization of 
the determinants by excluding them from the apical cortex. During prophase and 
metaphase, myosin II prevents determinants from localizing apically. At anaphase 
and telophase, myosin II moves to the cleavage furrow and appears to “push” 
rather than carry the determinants into the GMC. Therefore, the movement of 
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myosin II to the contractile ring not only initiates cytokinesis but also completes 
the partitioning of the cell-fate determinants from the NB to its daughter cells 
(Strand et al., 1994; Barros et al., 2003). Except the interaction with myosin II, 
Lgl also controls the localization of the basal proteins through another mechanism. 
Like the PAR/aPKC complex, Lgl, Dlg and Scrib are also involved in the control 
of apical–basal polarity in epithelia (Bilder et al., 2000; Bilder and Perrimon, 2000; 
Wodarz, 2000). It has been suggested that Lgl, Dlg and Scrib antagonize the 
activity of the apical PAR/aPKC complex, and that this antagonism is important 
for the proper ratio of apical-to-basolateral plasma membrane domains in epithelia 
(Bilder et al., 2003; Johnson and Wodarz, 2003). A similar antagonism appears to 
be at work in NBs. It has also been shown that DaPKC binds directly to Lgl and 
phosphorylates Lgl at several highly conserved serine residues (Betschinger et al., 
2003). Phosphorylation by apically localized DaPKC inactivates Lgl and allows 
recruitment of Mira to the cortex only basally, where Lgl is active.  
 
2.1.3. Cell size regulation during NB divisions 
  
 Another important aspect of NB divisions is the production of two 
daughter cells with different sizes; the bigger cell retains the properties of the stem 
cell and the smaller one will become GMC. The pronounced asymmetry in cell 
size between the NB and the GMC is probably important for keeping the volume 
of the NB large enough to allow repeated divisions without cell growth. This size 
asymmetry is the consequence of two unusual features of the mitotic spindle in 
wild-type anaphase NBs: (i) The apical half of mitotic spindle becomes longer and 
the spindle moves closer to the basal cortex of the NB, resulting in the positioning 
of the cleavage plane closer to the basal centrosome than to the apical centrosome 
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(Kaltschmidt et al., 2000) and (ii) The two spindle poles also differ in size and 
position in anaphase and telophase NBs. The apical centrosome enlarges and 
moves away from the plasma membrane and nucleates numerous astral 
microtubules that touch the cortex, whereas the basal centrosome remains small, 
lies much closer to the plasma membrane and is almost devoid of astral 
microtubules (Spana & Doe, 1995). Also, the astral microtubules nucleated from 
the apical spindle pole are always longer and more elaborate than those of the 
basal spindle pole (Albertson and Doe, 2003; Fuse et al., 2003). However, 
centrosomes and astral microtubules seem to be dispensable for the generation of 
spindle asymmetry and unequal NB division, as NBs of asterless mutants that 
completely lack centrosomes and astral microtubules show normal, asymmetric 
spindles similar to wild type (Giansanti et al., 2001). Furthermore, the analysis of 
mutant phenotype shows that neither single mutants of pins, Gαi or insc nor single 
mutants of any component of the PAR/aPKC complex displays a loss of daughter 
cell size difference with a high penetrance. This indicates that there are apparently 
redundant activities that control spindle positioning and asymmetry in NBs. One 
activity is provided by the complex of Gαi and Pins, and the other activity is the 
PAR/aPKC complex together with Insc. Only when both cues are absent, two 
daughter cells of equal size are formed. Consistent with this interpretation is the 
finding that the PAR/aPKC complex and the Pins/Gαi complex are independent of 
each other with respect to their subcellular localization in the apical NB cortex. 
Double mutant combination between either pins or Gαi and a component of the 
PAR/aPKC complex or insc leads to the formation of equal-sized daughter cells in 
almost all NB divisions (Cai et al., 2003). 
Chapter1                                                                                                  Introduction 
  
 24 
 Several recent papers show that the PAR/aPKC complex and the G protein 
signaling exert their effect on cell size through controlling the different behavior 
of the apical and basal centrosomes (Fuse, et al., 2003; Yu, et al., 2003; Izumi, et 
al., 2004). In mutants for the genes encoding Gβ13F and Gγ1, both centrosomes 
develop astral microtubules resembling those that are present only at the apical 
centrosome in wild-type NBs. The same phenotype has been described for double 
mutants of components of the PAR/aPKC complex and the Pins/Gαi complex. 
Conversely, overexpression of Gβ13F and Gγ1 together or of a membrane-
tethered form of Gβ13F alone suppresses the formation of aster microtubules at 
both centrosomes, indicating that active Gβ13F antagonizes the formation of aster 
microtubules (Fuse, et al., 2003; Yu, et al., 2003; Izumi, et al., 2004). It seems that 
both the activity of the PAR/aPKC complex and signaling by heterotrimeric G-
proteins affect the properties of the centrosomes in NBs. Because both complexes 
are localized asymmetrically in wild-type NBs, only one of the two centrosomes is 
within the reach of their signaling activity and thus adopts different properties 
from the other centrosome. This model raises the question of whether there is a 
common target of both signaling complexes that is responsible for controlling the 
position, size and microtubule-nucleating activity of the centrosome. Such a target 
molecule could either be localized to the centrosome itself or to the astral 
microtubules. The latter possibility appears more likely, because a protein present 
on the plus ends of astral microtubules could directly interact with the PAR/aPKC 
complex and with the Pins/Gαi complex in the apical cortex. Such an interaction 
might promote the growth of apical astral microtubules, which would lead to the 
generation of a force that pushes the apical centrosome away from the cortex, 
leading to basal displacement of the spindle. 




2.1.4 Asymmetric localization and function of cell-fate determinants 
 The invariability of the lineage of neurons and glia that each NB produces 
could be a function of either invariant extrinsic cues each NB and its progeny 
receive or a stereotyped segregation pattern of intrinsic cell fate determinants. 
Recent studies indicate that intrinsic factors play important roles in cell fate 
determination during NB division. During the asymmetric division of NBs, the 
cell-fate determinants and their adaptor proteins are segregated into future GMCs 
and control the GMC development. Two cell-fate determinants, Prospero (Pros) 
and Numb, have been characterized in the NB.  
 Pros is a homeodomain-containing transcription factor that is transcribed 
and translated in the NB but is required in the GMC to activate GMC-specific 
gene expression and repress NB-specific genes. During NB mitosis, the Pros 
protein is asymmetrically distributed (Hirata et al., 1995; Knoblich et al., 1995; 
Spana & Doe, 1995). In interphase, Pros forms a diffused crescent at the apical 
cortex. At late prophase and metaphase, Pros protein is found at the basal side of 
the cortex and after cell division it is segregated predominantly into the basal 
GMC daughter cell, where it is released from the cell cortex and translocated to 
the nucleus to regulate gene expression. In the absence of Pros function, some 
GMC-specific genes are not activated and NB-specific genes are not repressed in 
the GMC (Doe et al., 1991; Matsuzaki et al., 1992; Vaessin et al., 1991). However, 
the GMC is not transformed into a NB in pros mutant, indicating that some other 
factors are required. Except the protein, pros mRNA is also localized 
asymmetrically in a pattern similar to that of the protein (Li et al., 1997; Broadus 
et al., 1998). In mutants in which pros RNA localization is affected, Pros protein 
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is localized normally and no CNS defect is observed. This result indicates that the 
RNA and protein localization of pros can be uncoupled and that protein 
localization plays a more prominent role in setting up Pros asymmetry. In 
embryos with reduced levels of Pros protein, disruption of pros RNA localization 
does alter the development of GMC, which suggests that RNA localization may 
be a backup mechanism for Pros protein localization (Broadus et al., 1998).  
 Numb is a membrane-associated protein that contains a phosphotyrosine 
binding domain. Numb is the first protein that was shown to be localized 
asymmetrically during NB mitosis (Uemura et al., 1989; Rhyu et al., 1994; 
Knoblich et al 1995, Spana et al 1995). At early stages of the cell cycle, Numb is 
distributed uniformly on the cell cortex. Starting at late prophase, Numb forms a 
basal cortical crescent, which persists into later stages of the cell cycle. After 
division, Numb is preferentially segregated into the basal GMC. Numb and Pros 
appear to colocalize from late prophase to telophase. Numb has been shown to be 
crucial for cell fate determination of sibling neurons in certain GMC divisions in 
the CNS (Skeath & Doe, 1998; Buescher et al., 1998). Numb is also required to 
confer distinct daughter cell fates during MP2 NB division in the CNS and SOP 
divisions in the peripheral nervous system.  
 The colocalization of Numb and Pros suggests that similar mechanisms 
might be used to localize the two proteins. As Numb is not required for the 
localization of Pros and vice versa (Knoblich et al., 1995; Spana et al., 1995), 
other adapter proteins must be involved in the partitioning of determinants. Yeast 
two-hybrid screens for proteins that bind to the asymmetric localization domain of 
Pros and Numb have identified adapter molecules that help partition these 
determinants. Mira, a novel protein that contains coiled-coil domains, was isolated 
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in the screens with the Pros asymmetric localization domain and was found to be 
required for the asymmetric localization of Pros (Ikeshima-Kataoka et al., 1997; 
Shen et al., 1997). In mira mutant embryos, Pros stays in the cytoplasm during 
mitosis and no preferential segregation occurs after cell division. Therefore, Mira 
is required to recruit cytoplasmic Pros to the membrane. Mira protein is itself 
asymmetrically localized during mitosis in a pattern almost identical to that of 
Pros, except that after cell division Mira is rapidly degraded or delocalized from 
the GMC cell cortex, whereas Pros is released from the cortex into the cytoplasm 
and then is translocated to the nucleus. It is interesting to note that there are 
several motifs in Mira that fit the consensus for the ubiquitin-dependent 
destruction box, a signal originally identified as important for the degradation of 
cyclins. There is also a cluster of putative protein kinase C phosphorylation sites 
in the C terminus of Mira, a region that has been implicated in the degradation or 
delocalization of Mira and the release of Pros (Ikeshima-Kataoka et al, 1997).  
In addition to localizing Pros, Mira also physically interacts with Staufen 
and is required for the asymmetric localization of Staufen, which in turn is 
required for pros RNA localization (Schuldt et al., 1998; Shen et al 1998). Staufen 
is a double-stranded RNA binding protein that has been shown to localize mRNAs 
during Drosophila oogenesis. Staufen binds to the 3’-UTR of pros RNA, and the 
Staufen protein itself is asymmetrically localized in a pattern similar to that of 
Pros protein and RNA. This suggests that Mira, Staufen, Pros, and pros RNA 
might be parts of a multimolecular complex. In in vitro binding assays, Mira also 
interacts with Numb (Shen et al., 1997), although the localization of Numb is not 
affected in mira mutants. 
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 Partner of Numb (Pon) is an adapter protein that is required for the 
localization of Numb (Lu et al., 1998). Pon is a novel protein that contains a 
coiled-coil domain and physically intersects with the phosphotyrosine binding 
domain of Numb. Pon is expressed in cells that will undergo asymmetric cell 
division. Pon protein is asymmetrically distributed and colocalizes with Numb in a 
number of dividing progenitor cells, such as NBs, SOPs, and muscle progenitor 
cells. Numb localization is affected in pon loss-of-function mutants in a cell-type–
specific manner. In the muscle progenitor cells, Numb is delocalized in 
approximately 50% of the cells and consequently muscle development is affected 
(Carmena et al., 1998). In the NBs and SOPs, there is an initial delay in the 
formation of Numb crescent but at the end of the cell division Numb is still 
asymmetrically segregated (Lu et al., 1998). The abnormal localization of Numb 
in pon mutants suggests that Pon is required for the proper localization of Numb. 
Consistent with this, when Pon is ectopically expressed in epithelial cells, where 
Numb is normally uniformly distributed on the cell cortex, ectopic Pon is 
sufficient to drive Numb crescent formation in these cells. Collectively-speaking, 
loss-of-function and ectopic expression studies indicate that Pon is an important 
component of the Numb localization machinery. The partial penetrance of the 
Numb localization defect in pon mutant progenitor cells suggests that other 
molecules might also be involved in localizing Numb. Alternatively, the maternal 
contribution of Pon may mask its zygotic function.  
  
2.1.5 Telophase rescue and Insc-independent mechanism 
 In all the apical complex mutants discussed above, the cell-fate 
determinants such as members of the Pros and Numb complexes fail to form basal  







crescents during early stages of mitosis, but a considerable recovery of basal 
determinant localization takes place in late ana- and telophase, resulting in 
preferential segregation of cell fate determinants into the GMC upon cytokinesis 
(Lu et al., 1998; Schober et al., 1999; Wodarz et al., 1999; Peng et al., 2000;  
Petronczki and Knoblich, 2001). This phenomenon has been termed ‘telophase  
 
Figure 3. Relationship between the two independent asymmetry-controlling 
mechanisms in wild-type NBs. 
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rescue’ (Peng et al., 2000) and points to the existence of a localization mechanism 
that acts late in mitosis and is independent of the localization machinery 
responsible for basal crescent formation in metaphase. Mutants homozygous for a 
deletion that removes the genes snail, escargot and worniu, which encode the 
Snail family transcription factors, show defects in the localization of cell-fate 
determinants without telophase rescue (Ashraf & Ip, 2001; Cai et al., 2001). These 
three transcription factors act redundantly and are required for the expression of 
insc and baz in NBs. However, the absence of insc cannot be the sole cause of the 
severe mislocalization of cell fate determinants throughout mitosis in the triple 
mutants, as insc mutant does show telophase rescue. These data indicate that there 
must be other gene(s) that are regulated by the Snail family transcription factors 
and responsible for telophase rescue independent of the apical complex. Recently 
it is implicated that Dlg might be required for the Mira telophase rescue (Siegrist 
& Doe, 2005). In the double mutant of Dlg and Insc, Mira is no longer segregated 
only into the future GMC cell but is distributed to both of the apical and basal 
cells during telophase in most of the dividing NBs.  
 
 
2.2 Asymmetric division of sensory organ precursor cells in Drosophila 
peripheral nervous system 
 In Drosophila, four cells comprise the external sense organ, one major 
type of sensory organ in the peripheral nervous system (PNS). These cells are 
generated by a series of asymmetric cell divisions from a sensory organ precursor 
cell, pI (Figure 3). Development of the PNS is initiated by the restricted 
expression of proneural genes in a cluster of epidermal cells (Jan & Jan, 1993). 
Chapter1                                                                                                  Introduction 
  
 31
The cells within these proneural clusters are competent to adopt a neural fate. A 
single cell from each cluster is specified to become an SOP by the action of the 
neurogenic genes. In this process, two neurogenic proteins containing 
transmembrane domains, Notch and Delta, prevent neighboring cells from 
assuming a neural fate and ensure that only a single cell in each cluster adopts the 
SOP fate (Hawkins & Garriga, 1998). This process is known as the lateral 









pIIa cell divides again to generate a socket cell and a hair cell—the outer support 
cells. The pIIb cell gives rise to a Pros-positive glia and pIIIb, which finally 
pI 
Anterior Posterior 
  pIIb 
Internal cells EXternal cells 
 pIIa  
Pins, Gαi, Dlg Numb, Pon Baz, DaPKC
Figure 4. Asymmetric cell division in the Drosophila sensory organ precursor 
(SOP) pI. Insc and Pros are not expressed in pI. The cell divides in an 
epithelial cell layer along the anterior-posterior axis and generates two nearly 
equal-sized but morphologically different daughter cells that form the internal 
and external cells of the sense organ. 
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divides and produces a sheath cell and a neuron. A combination of intrinsic and 
extrinsic mechanisms is used during these asymmetric cell divisions to generate 
four cells with distinct fates. 
  Although Drosophila SOP cells are specified in the epithelium like NBs 
but they divide along the anterior-posterior axis of the planar cell polarity (Lu et 
al., 1999; Roegiers et al., 2001; Bellaiche et al., 2001, 2004). Planar cell polarity 
defines an axis within the plane of the epithelium, which is evident from the 
unequal subcellular distribution of certain proteins along this axis and the 
polarized differentiation of cells, for example polarized outgrowth of epidermal 
hairs (Adler et al., 2002). In Drosophila, the serpentine receptor Frizzled (Fz) and 
the transmembrane protein Strabismus (Stbm) are at the heart of a genetic cascade 
for planar cell polarity. SOP cells arise from planar-polarized epithelial cells. 
They inherit the posterior localization of Fz and anterior localization of Stbm from 
the epithelium and, therefore, planar polarity establishes two opposite cortical 
domains even before mitosis. As in NBs, both Baz/DmPar6 and Pins/Gαi are 
important for translating polarity into asymmetric cell division, although the way 
they act is characteristically different: Stbm binds to Pins and recruits Pins to the 
anterior cortex during prophase; and restrict Baz/DmPar6 to the opposite, 
posterior side of the cell, while both complexes are colocalized in the apical cortex 
in NBs (Bellaiche et al., 2004). Interestingly, Insc is not expressed in pI cells and 
this could be why Baz/DmPar6 and Pins/Gαi localize to opposite sides of the 
cortex. Upon ectopic expression of Insc, the Baz/DmPar6 complex localizes to the 
anterior cell cortex, which is occupied by Pins, resulting in an inversion of 
polarity in pI cells (Bellaiche et al., 2001). Pins also binds to a MAGUK 
(membrane-associated guanylate kinase) protein called Dlg. Pins induces the 
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anterior localization of Dlg and both are required to maintain cell polarity in SOP 
cells. Thus, polarization of SOP cells proceeds through an establishment phase in 
which planar cell polarity is used to polarize Pins distribution and a maintenance 
phase where Pins/GαI and Par-3/6 localize to opposite sides but planar cell 
polarity is no longer required (Bellaiche et al., 2001). 
 Similar to NBs, the cell fate determinant Numb is asymmetrically 
localized in pI and segregates into only one of the two daughter cells (Rhyu et al., 
1994). The Baz/DaPKC/Par6 posterior crescent in mitotic pI cells is required for 
the anterior localization of Numb , similar to NBs (Bellaiche et al., 2001; Roegiers 
et al., 2001a; Wodarz, 2001). When Insc is ectopically expressed in pI, Numb 
shifts to the posterior cortex, leading to a cell fate reversal of the two daughter 
cells (Bellaiche et al., 2001). Furthermore, the mitotic spindle becomes 
asymmetric when Insc is ectopically expressed in pI (Cai et al., 2003).  
 
2.3. Establishing polarity in the Drosophila germline cyst during oogenesis 
 The Drosophila oocyte is another type of highly polarized cells that 
contains a large number of localized messenger RNAs and proteins. Oocyte 
polarity is established during early stages of oogenesis and seems to be closely 
linked to the process of oocyte determination. During oogenesis, a germline stem 
cell, located at the tip of each ovariole in the germarium, divides asymmetrically 
to give rise to another stem cell and a cystoblast. The cystoblast subsequently 
undergoes four consecutive rounds of simultaneous mitotic divisions with 
incomplete cytokinesis. The resulting 16 cystocytes form a germline cyst in which 
all cells remain connected to each other by cytoplasmic bridges that later mature 
to become ‘ring canals’. As a consequence of their mode of division, only two of 
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the 16 cystocytes have four ring canals (the others have three, two or one). One of 
these two cells always adopts the oocyte fate, whereas the second and the 
remaining cystocytes differentiate as highly polyploidy nurse cells. Proper oocyte 
determination requires an intact microtubule cytoskeleton. Disrupting the 
microtubule cytoskeleton with microtubule-depolymerizing drugs leads to the 
formation of 16 nurse cells (Koch et al., 1983; Pokrywka & Stephenson, 1995). 
The fusome, a spectrin-rich, membranous organelle is important for the 
organization of the microtubule cytoskeleton of germline cysts and the 
establishment of the cytoskeletal polarity. A careful analysis of fusome 
development revealed that the fusome connects all cells of a developing cyst and 
that one of the two daughter cells of the first cystoblast division inherits more 
fusome material than the other one (de Cuevas & Spradling, 1998). This 
asymmetric distribution of fusome material is maintained until the end of cyst 
development. Because the cell that inherits the highest amount of fusome material 
is also one of the two cells with four ring canals, it is tempting to speculate that 
this cell will become the oocyte. Unfortunately, this hypothesis is difficult to 
prove because the fusome disintegrates before the oocyte can be unambiguously 
identified. Several components of the fusome have been identified, among them 
α- and β-spectrin, ankyrin and the adducin-like hu-li tai shao (hts) protein (de 
Cuevas & Spradling, 1996; Lin et al., 1994). Mutations in α-spectrin and hts 
abolish fusome formation and lead to cysts that have fewer than 16 cells and no 
oocyte. These results indicate that the fusome is important in cyst development 
and oocyte determination. One important function of the fusome is to orient the 
mitotic spindles during the four mitotic cystocyte divisions. In wild-type cysts, 
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one pole of each mitotic spindle is associated with the fusome. This association is 
lost in cysts that have a mutation in the microtubule-dependent motor cytoplasmic 
dynein Dhc64C . Dhc64C localizes to the fusome during mitosis and may control 
spindle orientation by directly interacting with astral microtubules (McGrail & 
Hays, 1997). On the basis of genetic-interaction studies and a similar mutant 
phenotype, Dhc64C probably acts together with the Drosophila homolog of the 
human lissencephaly-1 disease gene, DLis-1. In both mutants the fusome is still 
present but seems fragmented and less branched, pointing to a structural role of 
these two proteins in fusome morphogenesis. In addition to its function in spindle 
orientation, the fusome is also required for the interphase organization of the 
microtubule cytoskeleton. Using a GFP-α-tubulin fusion protein to visualize 
microtubules revealed that microtubules are closely associated with the fusome in 
late interphase and the fusome is closely associated with the minus ends of 
microtubules. In hts mutants, which essentially lack fusomes, an organized 
microtubule cytoskeleton does not form, confirming that the fusome is essential 
for this process (Grieder  et al., 2000). 
 In most cell types, the centrosomes serve as the major MTOCs throughout 
the cell cycle. By contrast, the cystocyte centrosomes lack any obvious MTOC 
activity during cyst development, and migrate from the future nurse cells through 
the ring canals into the developing oocyte. During migration, most centrosomes 
are closely associated with the fusome (Grieder et al., 2000; Bolivar et al. 2001). 
Interestingly, centrosome migration does not require microtubules or an oocyte — 
centrosome migration occurs normally in BicD and egl mutants, which fail to 
specify an oocyte, and in wild-type embryos treated with high doses of colcemide 
to disrupt microtubules. But centrosome migration is abolished in mutants that 
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affect fusome development. The fact that centrosome migration into a single 
cystocyte occurs normally even under conditions when no oocyte is specified 
clearly shows that the fusome has an inherent polarity that is independent of other 
factors required for oocyte determination. 
 Recent study have showed that fly homologs of the worm PAR proteins 
are crucial for oocyte determination and polarization in Drosophila, although 
there is little mechanistic similarity between the development of cell polarity in 
Drosophila oogenesis and the establishment of polarity in the C. elegans zygote. 
The fly homolog of PAR-1 is involved in several aspects of oocyte polarization. 
Hypomorphic par-1 mutations disrupt the oocyte microtubule cytoskeleton at later 
stages of oogenesis, resulting in mislocalization of oskar mRNA, which encodes 
an important posterior determinant. Consequently, pole cells do not form and 
abdominal structures are missing in embryos derived from the par-1 mutant 
(Shulman et al., 2000; Tomancak et al., 2000). Null mutations of par-1 block 
oogenesis at an earlier stage because of the failure to specify an oocyte (Cox et al., 
2001; Huynh et al., 2001a). Intriguingly, PAR-1 is localized to the fusome and 
par-1 mutants show abnormal microtubule organization. Unlike Dhc64C and Lis-1, 
PAR-1 is not required for fusome morphogenesis, indicating that it is a functional, 
but not a structural component of the fusome. Mutations in par-6 and baz, the 
homologue of par-3, have an almost identical phenotype to mutations in par-1 
during oogenesis. In all three mutants, oocyte fate is initially established correctly, 
but is not maintained, which results in egg chambers with 16 nurse cells and no 
oocyte (Huynh et al., 2001b). Moreover, posterior movement of the MTOC in the 
presumptive oocyte does not occur. Baz and DmPar-6 localize around the ring 
canals in the germarium, together with the adherens junction components DE-
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cadherin and Armadillo. Surprisingly, this subcellular localization is unaffected in 
par-1 mutants and, vice versa, Par-1 localization to the fusome is normal in baz 
and par-6 mutants. Thus, although all three proteins participate in oocyte 
determination, the mutual dependence on proper localization of individual 
proteins has not been evolutionarily conserved between the worm zygote and the 
Drosophila germline. 
 Taken together, these data show that a polarized microtubule cytoskeleton 
is essential for oocyte determination and for establishment of oocyte polarity. 
Unlike the situation in C. elegans, where the sperm centrosome serves as the main 
MTOC that initiates polarization of the zygote, a specialized organelle, the fusome, 
appears to carry out this function during Drosophila oogenesis. Intriguingly, 
although the nature of the polarization cue is totally different in the C. elegans 
zygote and in Drosophila germline cysts, the same set of genes, the par genes, are 
responsible for establishing cell polarity in both systems. 
 
3. Cell polarity and asymmetric cell division in vertebrate 
 
3.1. Asymmetric cell divisions during neurogenesis in the developing 
vertebrate central nervous system 
 The generation of neurons and glial cells during the development of the 
vertebrate nervous system involves symmetric and asymmetric divisions of 
various types of progenitor cells, which include neuroepithelial cells, radial-glial 
cells and basal progenitors (also known as intermediate progenitors). 
Neuroepithelial cells are the primary neural progenitors from which all other CNS 
progenitors and, directly or indirectly, all CNS neurons derive. Prior to 
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neurogenesis, the neural tube wall consists only of neuroepithelial cells, which 
form a single-cell-layered, pseudostratified epithelium. Neuroepithelial cells 
extend from the apical (ventricular) surface to the basal lamina and exhibit the 
typical features of epithelial cells, notably an apical–basal polarity (Wodarz & 
Huttner, 2003). Neuroepithelial cells undergo mitosis at the apical surface of the 
neuroepithelium. Here I will only focus on the distribution of subcellular structure 
and cell fate determinants during the asymmetric division of neuroepithelial cells. 
 The mammalian brain contains hundreds of cell types that develop from 
neuroepithelial cells that initially all look alike. It is still unclear to what extent 
asymmetric cell division of neuroepithelial cells contributes to this cell 
diversification process. The neuroepithelial cells of the developing vertebrate CNS 
function as neural progenitor cells. They divide extensively and produce a large 
variety of cell types. The types of cells they produce and the rate at which they 
produce them change as development proceeds. In the early stage of development, 
cells divide to produce two neuroepithelial cells in each division for the purpose 
of proliferation. After that, most cell divisions are differentiative and produce one 
daughter cell that differentiates and the other remains a neuroepithelial cell, or two 
differentiative daughter cells. The early differentiative divisions produce neurons, 
and the later ones produce glial cells or their precursors. It has been shown that the 
plane of neuroepithelial cell division changes with development and may 
influence cell fate determination (Chenn & McConnell, 1995). In early 
development, most cells divide with their mitotic spindle aligned horizontally to 
the plane of the neuroepithelium, and later more cells divide with their mitotic 
spindle aligned vertically to the plane of the neuroepithelium. The horizontal 
division will distribute both apical and basolateral components equally to their 
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daughter cells, whereas the cells that divide with a vertical spindle are likely to 
distribute apical components preferentially to the apical daughter cell (Chenn & 
McConnell, 1995). And this asymmetric segregation of cell-fate determinants 
might influence the fate of the two daughter cells and contribute to cell 
diversification. In the developing cortical neuroepithelium, most daughter cells 
either stay in the epithelium and divide again, or migrate away and differentiate. 
In divisions with a horizontal spindle, both daughter cells tend to stay in the 
neuroepithelium, suggesting that they remain neuroepithelial cells. In divisions 
with a vertical spindle, by contrast, the basal daughter cell tends to migrate away, 
suggesting that it committed to differentiation; the apical daughter of such 
divisions tends to stay in the epithelium, suggesting that it remains a 
neuroepithelial cell.  
 It seems that the plane of cell division influences cell fate choice through 
the asymmetric segregation of cell-fate determinants. The mechanism involved in 
the asymmetric distribution of cell-fate determinants has been well studied in the 
C. elegans and Drosophila. Almost all of the proteins involved in invertebrate 
asymmetric cell divisions are well conserved and have counterparts in mammals. 
It has been shown that mouse Pins can substitute Pins and rescue its phenotypes in 
Drosophila embryos, suggesting the possible similar mechanism of Pins function 
in mice (Yu et al., 2003).   Consistent with this, asymmetric cell divisions that 
produce daughter cells with different fates have been described in the progenitor 
cells of neurons and glia in the vertebrate brain (Cayouette & Raff, 2003; Haydar 
et al., 2003; Noctor et al., 2004). In mouse and rat neuroepithelial cells, divisions 
in the plane of the epithelium generate symmetric daughter cells, whereas apical–
basal cell divisions generate asymmetric ones. While this reorientation of cell 
Chapter1                                                                                                  Introduction 
  
 40 
divisions along the apical-basal axis is similar to Drosophila neuroblast divisions, 
zebrafish retinal progenitors apparently reorient their mitotic spindle according to 
a planar polarity axis (Das et al., 2003) and thus resemble Drosophila SOP cell 
divisions. It seems that vertebrate neural progenitor cell divisions exhibit 
characteristic features of invertebrate asymmetric cell divisions, suggesting the 
involvement of segregation of cell fate determinants. Indeed, vertebrate Numb 
localizes asymmetrically in neural progenitor cells in the mouse, rat and chicken. 
The asymmetric segregation of Numb has been shown to correlate with 
asymmetric cell fate in clonal density cultures of mouse cortical progenitor cells 
(Zhong et al., 1996; Cayouette et al., 2001; Wakamatsu et al., 1999; Shen et al., 
2002). However, a second Numb-homolog, Numblike, is uniformly distributed in 
the cytoplasm (Zhong et al., 1997). Surprisingly, both proteins act redundantly 
and perform two different roles in the developing mouse brain.  During early 
neural development, Numb and Numblike regulate the proliferation of neural 
progenitors. In numb/numblike double knockouts, the progenitor pool is depleted 
and an accompanying transient wave of neuron overproduction suggests that this 
is due to all their descendants differentiating into neurons (Petersen et al., 2002). 
During later stages of neurogenesis, Numb and Numblike are also required for 
neuronal differentiation of progenitor cells, consistent with the consensus that 
neurons are generated by asymmetric cell divisions during this phase (Li et al., 
2003). In Drosophila, Numb segregates into one of the two daughter cells and is 
required for correct specification of its fate. However, vertebrate Numb have a 
dual role during neurogenesis, which might rely on different splice variants or on 
different progenitor cell subtypes: Numb and Numblike are required for both 
inhibiting and promoting neuronal differentiation.  
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 The parallels between Drosophila and vertebrate asymmetric cell divisions 
seem to extend to factors acting upstream and downstream of Numb: In dividing 
neural progenitor cells of the mouse brain that lack the Drosophila Lgl homolog, 
Lgl1, Numb segregates into both daughter cells (Klezovitch et al., 2004) and 
consequently lgl1 mutant progenitors fail to differentiate. Thus, elements of the 
Drosophila Numb localization machinery seem to be conserved. Furthermore, 
Numb protein has been shown to inhibit Notch signaling in both Drosophila and 
vertebrates, possibly by binding to the cytosolic tail of transmembrane Notch 
(Guo et al., 1996; Spana & Doe, 1996; Dho et al., 1999). Similar to the phenotype 
of loss of Numb and Numblike, Notch overexpression or ectopic Notch activation 
inhibits neuronal differentiation, suggesting that elements of the Numb 
downstream machinery are also conserved between Drosophila and vertebrates. 
Recently it has been suggested that Drosophila Numb inhibits Notch signaling by 
recruiting alpha-Adaptin, which would be expected to stimulate the endocytosis of 
Notch (Berdnik et al., 2002). The same mechanism may operate in vertebrate cells, 
as Numb is associated with clathrin-coated pits, vesicles and endosomes. These 
results also raise the interesting possibility that Numb might regulate the 
internalization of various receptors involved in cell-fate decisions. Numb also 
bind to other intracellular proteins such as Siah-1 and LNX. These proteins can 
regulate Numb function, but it is still unclear what roles they have in development 
(Rice et al., 2001; Susini et al., 2001; Xie et al., 2001; Nie et al, 2002).  
It is well known that Notch signaling has different effects at different times 
in development. Early in development, for example, Notch mediates lateral 
inhibition, in which a differentiating cell inhibits its neighbors from differentiating 
as well. Later in development, Notch signaling may promote the differentiation of 
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some cell types. Thus, even if Numb acts exclusively by inhibiting Notch 
signaling, they would be expected to have different effects at different times of 
development and in different circumstances. In Drosophila, Numb acts at multiple 
stages in both the SOP and neuroblast lineages: it initially helps daughter 
progenitor cells to adopt different fates, and it later helps terminally differentiating 
cells to adopt different fates. Overexpression of Numb in chick neuroepithelial 
cells also causes different responses in the maturation of the developing chick 
neuroepithelial cells: some cells undergo premature differentiation and others 
delay differentiation and continue to proliferate (Wakamatsu  et al., 1999). It is 
possible that the effect of Numb on mouse neuroepithelial cells also changes as 
development progresses.  
 It has recently been found that m-Numb RNA can be alternatively spliced 
to produce multiple m-Numb isoforms, which can have different functions. There 
are at least four such isoforms in both humans and mice. In a neural cell line and 
in primary neural crest stem cells, two Numb isoforms promote differentiation, 
and two inhibit differentiation and promote proliferation (Verdi et al., 1999). It is 
unclear if all of the isoforms can be asymmetrically segregated during cell 
division or to what extent isoform differences explain the different effects of m-
Numb at different stages of development. Studies with isoform-specific antibodies 
and knock-downs will be required to clarify these issues. 
 Besides Numb proteins, there may be some other intracellular cell-fate 
determinants that segregate asymmetrically during cell division and contribute to 
cell-fate choice in vertebrates. In Drosophila, proteins such as Pros, Staufen, Mira 
and Pon also localize asymmetrically at the basal cortex of the neuroblast and 
segregate asymmetrically into one daughter cell. Homologs of some of these 
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proteins have been identified in vertebrates, but whether these or other proteins 
have a role in vertebrate asymmetric cell divisions and cell-fate determination 
remains to be determined.  
 Previous studies in C. elegans and Drosophila also established a role for 
heterotrimeric G-proteins in the positioning of the mitotic spindle (Hampoelz & 
Knoblich, 2004). A recent study reports a similar role in the neuroepithelial and 
radial-glial cells of the mouse neocortex (Sanada & Tsai, 2005). Specifically, by 
manipulating the balance of heterotrimeric Gαi3-βγ versus free Gβγ and by 
forcing free Gβγ heterodimers into an inactive complex with an inhibitor, it 
appears that when Gβγ heterodimers are free and thus able to interact with 
downstream effectors, as much as 50% of the cleavage planes of neuroepithelial 
and radial-glial cells no longer show vertical orientation and adapt to horizontal or 
oblique division. On the other hand, when Gβγ subunits are in the heterotrimeric 
state or complexed to an inhibitor and unable to interact with downstream 
effectors, 80–90% of the cleavage planes show a vertical orientation. Gαi recruits 
a protein called LGN to the cell cortex, which in turn recruits the microtubule-
binding protein NuMA (Du & Macara, 2004); Gβγ subunits may also interact with 
microtubules. Thus, in mammalian neuroepithelial and radial-glial cells, 
heterotrimeric G-protein subunits appear to be involved in directing the astral 
microtubules of the mitotic spindle to specific sites of the cell cortex. Consistent 
with this, Gβγ subunits form cortical domains, and LGN is asymmetrically 
localized in mitotic neural progenitor cells (Fuja et al., 2004). However, the exact 
mechanism of spindle pole positioning, including the significance of the greater 
oscillation of spindle poles that precedes a subsequent horizontal (as opposed to 
vertical) cleavage plane orientation, remains to be elucidated. A key issue in this 
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context is the integral constituents of the plasma membrane that contribute to the 
formation of the relevant spindle-pole positioning cortical sites. It may be 
significant that Gαi, via its lipid anchors, partitions into cholesterol-based 
membrane microdomains called lipid rafts, whereas the free Gβγ heterodimer does 
not (Moffett et al., 2000). Perhaps cholesterol-based membrane microdomains 
play a different role in the positioning of the mitotic spindle in symmetric versus 
asymmetric divisions. 
 Recently, a mouse homologue of Drosophila Insc, mInsc, has been 
identified (Lechler & Fuchs, 2005; Zigman et al., 2005). mInsc exists as a 
complex together with LGN and Par3 in the mouse stratified epidermis. All these 
proteins form an apical crescent in mitotic basal cells and this apical localization 
is required for the asymmetric cell division in epidermis. mInsc is also detected in 
the mouse retina and required for the correct orientation of the mitotic spindle in 
precursor cells of the rat retina, whereas the apical asymmetric Numb localization 
is not affected by mInsc RNAi . 
 Despite all these similarities, however, there are characteristic differences. 
First, mammalian Numb is apically enriched in asymmetrically dividing 
progenitor cells, while in Drosophila the protein is segregated into the basal 
daughter cell. As apical localization of Par-proteins is conserved (Manabe et al., 
2002; Kosodo  et al., 2004), this would suggest a Par-3/6 independent, or at least 
different, mechanism for Numb localization in vertebrates. Second, the orientation 
of most precursor divisions in the mouse brain is not along the apical-basal axis 
hence Numb is not inherited by only one daughter cell (Zhong et al., 1996). Since 
the number of apical–basal divisions, however, does not account for the amount of 
neuronal differentiation, many parallel divisions must produce different daughter 
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cells, indicating that Numb-independent mechanisms for cell fate determination 
do exist. Asymmetric inheritance of morphological processes and apical 
membrane domains could contribute to differential cell fate specification after 
progenitor divisions, but up to now functional evidence for these possibilities is 
missing. Besides neural development, mouse homologs of Numb also act in 
muscle progenitors where they are thought to repress Notch. The recent discovery 
of asymmetric Par-6 localization in mouse oocytes suggests that the analysis of 
asymmetric cell division in vertebrates might still deliver some surprises (Vinot et 
al., 2004). 
   
3.2 Establishing cell polarity in mammalian epithelial cells 
 Mammalian epithelial cells are highly polarized and have distinct apical 
and basolateral plasma membrane domains (Figure 4). These domains are  
characterized by different sets of membrane lipids, transmembrane proteins and  
associated cortical proteins. The spatial cues that lead to the initial polarization of 
epithelial cells are cell–cell contacts and cell–extracellular matrix (ECM) contacts. 
Cell–cell contacts are mainly mediated by transmembrane adhesion molecules of 
the cadherin superfamily (Tepass et al., 2000), whereas cell–ECM contacts are 
mediated by transmembrane receptors of the integrin family (Giancotti & 
Ruoslahti, 1999). Before the fully polarized epithelial phenotype is established, 
cadherin-containing cell contacts, so called adherens junctions, are scattered along 
the lateral plasma membrane. At this stage a second type of intercellular junction, 
the tight junction, has not yet formed and several tight junction components 
colocalize with adherens junction components along the lateral membrane 
(Fleming et al., 2000). Later on, adherens junctions coalesce in the apicolateral 
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belt-like adhesive contact encircling the apex of each epithelial cell. At the same 
time, components of the adherens and tight junctions sort out and assembly of the 
tight junction begins. This series of events is not only observed in cultured 
epithelial cells but also during early development of mice and other vertebrates. 
The tight junction is the most apically localized junction in vertebrate epithelial 
cells and is responsible for the stable separation of the apical and the basolateral 
membrane domains by forming a diffusion barrier in the plane of the membrane. 
Furthermore, the tight junction restricts the free diffusion of macromolecules and 
ions into the space between epithelial cells, which is important for the functional 
Apical 
Basal 
Zonula adherens: E-cadherin 
          α-catenin 
          β-catenin 
Tight junction: PAR-3 
     PAR-6 
     aPKC 
     JAM-1 
Lateral cortex: PAR-1
Figure 5. Polarity in mammalian epithelial cells. Mammalian epithelial cells 
contain distinct apical (luminal) and basolateral plasma membrane domains 
that are separated by the tight junction. 
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separation of different compartments in an organism. It has been shown that a 
protein complex consisting of mammalian homologs of PAR-3, PAR-6, Cdc42 
and an aPKC is crucial to the process that separates the adherens junction and 
tight junction components during establishment of the fully polarized phenotype 
of epithelial cells. 
 ASIP/PAR-3, the mammalian PAR-3 homolog, was first identified as a 
binding partner of PKCs ζ and λ, the two mammalian aPKC isoforms. Both 
aPKCs and ASIP/PAR-3 colocalize at the epithelial tight junction together with 
the tight junction marker ZO-1 (Izumi et al., 1998). PAR-6 and the small GTPase 
Cdc42 are also associated with ASIP/PAR-3 and aPKCs in mammalian epithelial 
cells. Overexpression of a dominant-negative form of aPKC λ resulted in 
mislocalization of ASIP/PAR-3 and ZO-1. Moreover, in MDCK (Madine Darby 
canine kidney) cells transfected with dominant-negative aPKC λ, the 
transepithelial electrical resistance broke down, indicating that the formation of 
functional tight junctions is impaired under these conditions (Suzuki et al., 2001). 
In addition, the separation of the apical and basolateral plasma membrane domains 
was perturbed in cells expressing dominant-negative aPKC λ, pointing to a 
general function of aPKCs in the establishment of cell polarity. Similar defects in 
tight junction assembly were observed after overexpression of a mutant form of 
PAR-6 that lacked the N-terminal aPKC binding domain (Yamanaka et al., 2001). 
The complex consisting of PAR-3, PAR-6, aPKC and Cdc42 may function in the 
establishment of polarity through the interaction with JAM-1, a transmembrane 
adhesion molecule localized to the tight junction. JAM-1 contains a PDZ 
(Postsynaptic Density 95, Discs Large, Zonula occludens-1) binding motif at its 
carboxyl terminus and binds to the first PDZ domain of ASIP/PAR-3 (Ebnet et al., 
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2001; Itoh et al., 2001). In addition, JAM-1 can also bind to the third PDZ domain 
of ZO-1. As JAM-1 can dimerize and tend to form large macromolecular clusters 
in the membrane, JAM-1 may link the PAR-3/PAR-6/aPKC/Cdc42 complex to 
the integral tight junction components ZO-1 and claudin. The targets of the PAR-
3/PAR-6/aPKC/Cdc42 complex at the tight junction have not been uncovered yet, 
but it is likely that phosphorylation of some tight junction components by aPKC is 
critical in the assembly of tight junctions. The kinase activity of aPKC seems to be 
suppressed when aPKC is associated with PAR-6; this suppression can be 
overcome by binding of activated, GTP-bound Cdc42 to the CRIB domain of 
PAR-6 (Yamanaka et al., 2001). Interestingly, cadherin-mediated cell–cell 
adhesion can activate Cdc42, which provides a possible explanation for the close 
connection between cadherin-`mediated cell adhesion and tight junction assembly. 
 
4. TNF pathway  
 TNF superfamily of cytokines activate signaling pathways for cell survival, 
death, and differentiation that orchestrate the development, organization and 
homeostasis of lymphoid, mammary, neuronal and ectodermal tissues (Ware, 
2003). Members of the TNF family of membrane-bound and secreted ligands pair 
off with one or more specific cell surface receptors that form a corresponding 
family of cognate receptors (TNFR). Members of the TNF receptor superfamily 
play pivotal roles in numerous biological events in metazoan organisms. With 
ligand-mediated trimerization by corresponding homo- or heterotrimeric ligands, 
the TNF family ligands recruit several intracellular adaptors which activate 
multiple signal transduction pathways. While recruitment of death domain (DD) 
containing adaptors such as associated death domain (FADD) and TNFR 
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associated DD (TRADD) can lead to the activation of a signal transduction 
pathway induces apoptosis, recruitment of TRAF family proteins can lead to the 
activation of transcription factors such as, NF-κB and JNK thereby promoting cell 
survival and differentiation as well as immune and inflammatory responses 
(Dempsey et al., 2003). Individual TNF receptors are expressed different cell 
types and have a range of affinities for various intracellular adaptors, which 
provide tremendous signaling and biological specificities. In addition, numerous 
signaling modulators are involved in regulating activities of signal transduction 
pathways downstream of receptors in this superfamily. 
 
4.1. TNF 
 Tumor necrosis factor (TNF) plays a pivotal role in orchestrating innate 
inflammatory responses in vertebrates (review in Varfolomeev & Ashkenazi, 
2004). Upon detection of invading intracellular pathogens, tissue macrophages 
and T cells produce either membrane-associated TNF (mTNF) or proteolytically 
derived soluble TNF (sTNF). TNF triggers local expression of chemokines and 
cytokines, promoting the adhesion, extravasation, attraction, and activation of 
leukocytes at the site of infection. Later, TNF facilitates transition from innate to 
acquired immunity by enhancing antigen presentation and T cell costimulation. 
 TNF is the prototype of ~20 related cytokines that act through specific 
members of the TNFR-superfamily, mainly to modulate immunity (reviewed in 
Locksley et al., 2001). TNF homologs exist in insects, primitive chordates, 
amphibians, fish, birds, and mammals. The initially identified members of the 
TNF cytokine family are TNF and LTα, which are products of lymphocytes and 
macrophages that cause the lysis of certain types of cells, especially tumor cells 
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(Gray et al., 1984; Pennica et al., 1984). The TNF-related ligands are type II 
(intracellular N-terminus) transmembrane proteins containing a ‘TNF homology 
domain’ (THD) at the extracellular C terminus (Ware, 2003). The THD folds into 
an antiparallel β-sandwich that assembles into trimers and thus each ligand has 
three receptor binding sites, formed as a groove between adjacent subunits. 
Receptor clustering induced by the multivalent ligand forms the basic paradigm of 
signal transduction. Together, the adaptability of the THD and the cysteine-rich 
domain (CRD) structures allowing connections to diverse signaling pathways that 
initiate appropriate cellular responses.  
 
4.2. TNF receptor 
 TNFR-like receptors are type 1 transmembrane proteins that adopt 
elongated structures by a scaffold of disulfide bridges (Locksley et al., 2001). The 
disulfide bonds form CRDs that are the hallmark of the TNFR superfamily. 29 
TNF receptor family members have been identified in humans in the last two 
decades. Based upon their cytoplasmic sequences and signaling properties, these 
TNF receptors can be classified into three major groups (Locksley et al., 2001). 
The first group, including Fas, TNF-R1, DR3, TRAIL-R1, TRAIL-R2, and DR6, 
contains a death domain (DD) in the cytoplasmic tail. Activation of these death 
domain-containing receptors by their corresponding ligands can lead to 
recruitment of intracellular death domain containing adaptors such as Fas- 
associated death domain (FADD) and TNFR-associated DD (TRADD). These 
molecules, in turn cause activation of the caspase cascade and induction of 
apoptosis. The second group of receptors includes TNF-R2, CD40, CD30, CD27, 
LT_R, Ox40, 4-1BB, BAFF-R, BCMA, TACI, RANK, p75NGFR, HVEM, 
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TNFRSF18, TROY, EDAR, XEDAR, RELT and Fn14. These receptors contain 
one or more TRAF-interacting motifs (TIMs) in their cytoplasmic tails. Activation 
of TIM-containing TNF receptors leads to recruitment of TRAF family members, 
and activation of multiple signal transduction pathways such as nuclear factor κB 
(NF-κB), Jun N-terminal kinase (JNK), p38, extracellular signal-related kinase 
(ERK) and phosphoinositide 3-kinase (PI3K) (Figure 5). The third group of TNF 
receptor family members, including TRAIL-R3, TRAIL-R4, decoy-R3 and 
osteoprotegerin (OPG), does not contain functional intracellular signaling 
domains or motifs. Although this group of receptors cannot provide intracellular 
signaling, they can effectively compete with the other two signaling groups of 
receptors for their corresponding ligands. These “decoy receptors” therefore 
function by impeding the activation of signal transduction pathways by other TNF 
receptors. 
 The death domain containing receptors are a subset of the Type I 
transmembrane TNF-receptor superfamily proteins defined by the presence of a 
death domain in their cytoplasmic domains. This protein association domain is 
found in TNF-R1 and Fas as well as several others. While these receptors share 
some mechanisms of signal transduction, they are not identical. Fas, TRAIL-R1 
and TRAIL-R2 interact with the FADD while TNF-R1 and DR3 interact with the 
adaptor TRADD (Chinnaiyan et al., 1996;  Kischkel et al., 2000). These primary 
associations define and restrict the nature and complexity of subsequent 
intracellular signaling events. 
 





 Upon Fas-L binding, juxtaposition of the DD of Fas allows interaction 
with the DD-containing adaptor protein FADD. FADD is a 26 kDa cytoplasmic 
protein that contains both a C-terminal DD and a homologous death effector 
domain (DED). Fas receptor ligation results in death-inducing signaling complex 
(DISC) assembly commencing within minutes of ligand binding and localizing 
initially FADD and then caspase-8 to the receptor complex (Kischkel et al., 1995; 
Boldin et al., 1996; Muzio et al., 1996). Caspase-8 has two C-terminal DED that 
display homology to and can interact with the DED of FADD. Caspase-8 is 
produced as a zymogen, activated first by removal of a pro-domain, then by 
limited cleavage at an aspartate residue to separate the large active protease 
subunit of 20 kDa from the smaller 10 kDa subunit (Medema et al., 1997). This 
Figure 6. Regulation of TNFR signal transduction through the deadth domain 
containing receptors and TRAF-interacting motifs containing receptors. TRAF 
proteins play a central role in the outcome of the TNFR regulation. (Adapted 
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mature caspase can process downstream pro-caspases as well as its own pro-
caspase precursor. Caspase activation proceeds in a hierarchical manner until 
activation of the executor caspases, such as caspase-3, result in apoptosis. The 
activation of this caspase cascade is type I apoptosis and is responsible for 
proteolytic cleavage of various cellular substrates leading to the distinctive DNA 
fragmentation that marks apoptotic death. 
 In contrast to Fas, TNF-R1 only signals for cell death in certain 
circumstances. In most scenarios, TNF-R1 induces the transcription and activation 
of inflammatory genes. This suggests that TNF-R1 signaling provides a 
mechanism to suppress the apoptotic stimulus. Consistent with this, assembly of a 
signaling complex at TNF-R1 differs from Fas in that TNF-R1 primarily 
associates with TRADD. TRADD can in turn associate with the DD of FADD, 
thereby initiating the caspase-8 activation pathway. Alternatively, TRADD can 
recruit TRAF2, TRAF1 and receptor-interacting protein (RIP) to activate the NF-
κB and JNK pathways, which protect cells from apoptosis and initiate 
inflammatory responses (Stanger et al., 1995; Hsu et al., 1996). Therefore, in an 
apparent dichotomy of activation, TNF-R1 assembles a signaling complex that 
activates both the caspase-8 apoptotic and the NF-κB and JNK anti-apoptotic 
pathways. This balance is regulated at numerous levels including strength of 
signal, regulation of receptor expression and anti-apoptotic gene induction. 
 
4.3. Tumor necrosis factor receptor associated factor 
 
4.3.1. TRAF family members 
 The TNF receptor associated factors (TRAFs) constitute a family of 
genetically conserved adapter proteins that have been found in mammals and 
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other multicellular organisms. Till date, six mammalian TRAFs, TRAF1 through 
TRAF6, have been identified. TRAFs homologues have also been found in D. 
melanogaster (DTRAF1, DTRAF2 and DTRAF3) and C. elegans (ceTRAF) 
(Grech et al., 2000). In addition, TRAF domain homology has been found in 
proteins expressed by Dictyostelium discoideum and Arabidopsis thaliana. TRAFs 
have emerged as the major signal transducer for the TNF receptor superfamily and 
the interleukin-1 receptor/Toll-like receptor (IL-1R/TLR) superfamily. Although 
TRAFs have no known enzymatic activities, they can induce the activation of 
several kinase cascades that ultimately lead to the activation of signal transduction 
pathways such as NF-κB, JNK, ERK, p38 and PI3K, which can induce and 
regulate cellular processes ranging from cell survival, proliferation and 
differentiation to apoptosis. This will mediate a wide range of biological functions, 
such as adaptive and innate immunity, embryonic development, stress response 
and bone metabolism. TRAFs are also involved in the signal transduction of the 
Epstein-Barr virus transforming protein LMP-1 (Mosialos et al., 1995). In 
Drosophila, TRAFs are essential for dorsoventral polarization and innate host 
defense by the signal transduction initiated through the Toll receptor (Imler and 
Hoffmann, 2001; Preiss et al., 2001). 
 
 
4.3.2. Domains and structures of TRAF proteins 
 All TRAFs are characterized by the presence of a highly conserved motif 
at the C-terminus, termed the TRAF domain. The TRAF domain mediates binding 
to the receptors, formation of homo- or heterodimers, and interaction with a 
number of intracellular proteins and signaling molecules. The TRAF domain is 
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about 200 amino acids in length and is further divided into a TRAF-N and a 
TRAF-C domain (Rothe et al., 1994; Cao et al., 1996). The trimerization of 
TRAFs requires an intact TRAF domain. TRAFs can self-associate as homo- or 
heterotrimers of TRAF1 and TRAF2 or TRAF3 and TRAF5 or TRAF6 and either 
TRAF2 or TRAF3. Furthermore, the TRAF-C domain has been shown to bind 
downstream signaling molecules such as TANK and NIK and the TRAF-N 
domain has been shown to bind to anti-apoptotic molecules such as c-IAP1 and c-
IAP2. The amino termini of all mammalian TRAFs, except TRAF1, have a RING 
finger motif, similar to those found in E3 ubiquitin ligases (Saurin et al., 1996; 
Freemont PS, 2000). This is followed by five to seven zinc fingers. The RING 
finger is crucial for NF-κB activation and the zinc finger domain is essential for 
JNK and NF-κB activation.  
 
4.3.3. Recruitment of TRAFs to signaling receptors 
 In addition to indirect association of TRAF proteins with death domain 
containing TNF receptors through TRADD or RIP as mentioned earlier, many 
members of the TNFR superfamily bind to TRAFs directly through a cytoplasmic 
motif termed the TIM (review by Dempsey et al., 2003). The amino acid 
compositions of the TIMs vary among different TNFRs. However, a major 
consensus sequence (P/S/A/T)X(Q/E)E can be found in CD40, CD30, HVEM, 
Ox40, p75NGFR and RANK that can bind to TRAF2, TRAF3 and TRAF5. 
TRAF6 appears to have a unique binding motif P-X-E-X-X-(aromatic/acid residue) 
that is present in RANK and CD40. TRAFs have also been shown to associate 
with numerous receptors outside of the TNFR superfamily. These receptors 
include those in the interleukin-1 receptor/Toll-like receptor (IL-1R/TLR) family 
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(IL-1, IL-18, TLR2 and TLR4), IL-17R, and the IRE1 receptor in the endoplasmic 
reticulum (ER). TRAF6 seems to be the only TRAF member that associates with 
members in the IL-1/TLR family (Cao et al., 1996). This interaction occurs 
through binding to the serine/threonine kinase IRAK. Upon ligand stimulation, an 
adaptor protein MyD88 is recruited to the IL-1R or TLR complex via a conserved 
cytoplasmic domain termed the Toll/IL-1R homology region (TIR) at the C-
terminus. The death domain at the N-terminus of MyD88 recruits IRAK to the 
receptor complex (Muzio et al., 1997). This MyD88–IRAK–TRAF6 signaling 
complex has been shown to activate both the JNK and NF-κB pathways. TRAFs 
have also been shown to participate in the signaling pathways of IL-17R and IRE1. 
IL-17R has been demonstrated to specifically bind to TRAF6. TRAF2 also binds 
to the intracellular receptor IRE1 which is a transmembrane-ER resident and 
activates JNK (Urano et al., 2000). Thus, TRAFs may serve as signaling adapter 
molecules to receptors both on the surface and inside the cells to activate similar 
downstream signaling path ways. 
 The signaling complexes formed between numerous TNFRs or non-
TNFRs and TRAFs seem to be regulated by oligomerization and their localization 
into membrane rafts. Structural analyses of TNF, TNF-R1 and TNF-R2 with 
TRAF2 strongly suggest an activation model whereby ligand trimers bind to the 
extracellular domains of receptors on the cell membrane and cause the 
intracellular domains of receptors to trimerize. The trimeric receptors then 
associate with TRAF trimers. When TRAFs are not trimerized, their affinities for 
TNFRs are low, with dissociation constants in the range of 40–1000 μM. Thus, 
oligomerization of receptors greatly increases their avidity for TRAFs. 
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Furthermore, since TRAFs can form homodimers or heterodimers, it is possible 
that TRAF trimers can be composed of various TRAFs to regulate the specificity 
of signaling. And if each tail in the trimeric receptor complex can bind to one 
TRAF trimer, it would amplify the size as well as the strength of the signalsome.  
 
4.3.4. TRAF-activated signal transduction pathways 
 Receptor-mediated multimerization of TRAFs in the signalsome has been 
found to activate multiple signaling pathways. The best described of these are the 
JNK and NF-κB pathways which play a major role in the biological functions 
elicited by TNFR family members. In addition to these two pathways, reports 
have also documented TRAF-mediated activation of the ERK, p38, and PI3K 
pathways. 
 
4.3.4.1. TRAF-mediated activation of NF-κB 
 NF-κB is a homo- or heterodimeric transcription factor that binds to κB 
sites in the promoters of a large number of genes involved in cell survival, 
inflammation as well as innate and adaptive immune responses. The dimers are 
composed of the five Rel family members: NF-κB1 (p50) and its precursor p105, 
NF-κB2 (p52) and its precursor p100, RelA (p65), RelB, and c-Rel. NF-κB 
subunits are activated through two distinct pathways. RelA (p65), RelB, and c-Rel 
are all activated through the canonical or type 1 NF-κB pathway whereas NF-κB2 
(p52) is activated by the alternative or type 2 NF-κB pathway (review in Dempsey 
et al., 2003). 
  The type 1 NF-κB activation pathway dictates that IκB kinases (IKKs) are 
activated by mitogen-activated kinases (MAP3Ks) and led to phosphorylation and 
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ubiquitination of the inhibitors of κB (IκBs) after exposure to TNF or other 
appropriate stimuli (Dempsey et al., 2003). Ubiquitination of IκBs leads to their 
degradation thereby releasing NF-κB and allowing it to enter the nucleus and 
activate transcription of appropriate gene targets. Since the C-terminal TRAF 
domain is responsible for protein-protein interactions and the N-terminal region of 
TRAFs, containing a number of zinc (Zn) chelating domains, including a RING 
finger and a variable number of Zn fingers, is necessary for TRAF mediated 
activation of downstream signaling pathways. Further analysis of this region 
showed that the RING finger of TRAF proteins is the domain that is critical for 
NF-κB activation by TRAFs (Takeuchi et al., 1996; Dadgostar & Cheng,1998; 
Baud et al., 1999). 
 As mentioned previously, NF-κB2 is activated by an alternative pathway. 
The NF-κB2 precursor, p100, contains an IκB domain and thus dimers containing 
this precursor are sequestered in the cytosol. Removal of the IκB domain by 
proteolytic cleavage allows dimers containing NF-κB2 to be translocated to the 
nucleus and activate transcription. It seems that the type 2 NF-κB pathway flows 
from the receptor to an uncharacterized TRAF, which then activates NIK. 
Activation of NIK then causes IKKα mediated cleavage of p100 enabling p52-
containing dimers to translocate to the nucleus and engage transactivation 
(Dempsey et al., 2003). 
 
4.3.4.2. TRAF-mediated activation of JNK 
 Another signaling pathway activated by TNFR superfamily members 
culminates in the activation of the JNKs 2/3. Like all MAPKs, JNKs are 
sequentially activated by a serine/threonine kinase cascade that proceeds from 
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level 3 MAPK kinases (MAP3K) to level 2 MAPK kinases (MAP2K), and finally 
to the activation of the level 1 MAPK kinases (MAPK) (Dempsey et al., 2003). 
Studies show that the N-terminal Zn-binding domains are essential for the 
activation of both NF-κB and JNK. However, the first two Zn fingers seem to be 
necessary for JNK activation whereas the RING finger domain seems to be 
essential for NF-κB activation (Chung et al., 2002). Subcellular localization of 
different TRAF molecules also seems to be critical in determining whether JNK 
can be activated and to what extent. Multiple MAP3Ks and MAP4Ks have been 
shown to act downstream of TRAFs to activate the JNK pathway. Apoptosis 
signal-regulated kinase (ASK1) is activated following TNF treatment and act as 
an important signal mediator of both pro- and anti-apoptotic signals elicited by 
some TNFR superfamily members. A family of MAP4Ks has also been implicated 
in mediating the activation of JNK by members of the TNFR superfamily (Pombo  
et al., 1995; Tung & Blenis, 1997). These proteins include germinal center kinase 
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All restriction enzymes and DNA modifying enzymes were purchased 
from Roche, Promega and New England Biolabs (USA).  
 
All the chemicals and reagents were purchased from BDH laboratory 




2.1 MOLECULAR WORK 
 
2.1.1 Recombinant DNA methods 
 General recombinant DNA methods were performed essentially as 
described by (Sambrook, et al., 1989). Polymerase chain reaction (PCR) was 
carried out with Taq DNA polymerase from Roche and Promega. Restriction 
enzyme digestions were performed by using appropriate buffers supplied by the 
manufacturers. Blunt ending of DNA fragments was carried out using Klenow 
DNA polymerase (large fragment). Dephosphorylation of DNA fragment was 
done using calf intestinal phophatase (CIP). T4 DNA ligase was used for the 
ligation of DNA fragments.  DNA sequencing was performed with automatic 
PCR-based Big-Dye sequencing method. 
 
2.1.2 Strains and growth conditions 
 The E. coli strain DH5α (GIBCO BRL, USA) was used throughout the 
study for all cloning procedures. JM101 (GIBCO BRL, USA) was used for 
demethylation of Xba I site present in pUAST-C-Pon construct. For the 
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expression of GST-fusion proteins, the E. coli strain BL21 (Novagen, USA) was 
used. E. coli cells were either cultured in LB broth (1% bacto-tryptone, 0.5% 
bacto-yeast extract, 1% NaCl, pH7.0) or maintained on LB agar plates (LB 
containing 1.5% bacto-agar) at 37 oC. 
 When recombinant plasmid-containing cells were cultured, the media were 
supplemented with 100 µg/ml of ampicillin (Sigma), 170 μg/ml of 
chloramphenicol or 50 µg/ml of kanamycin.  
2.1.3 Cloning strategy 
 In most cases, when cDNA was obtained from PCR amplification, they 
were first cloned into cloning vector pBluescript (Stratagene, USA) before being 
cloned into other vectors such as expression vectors and transgenic vectors. In 
summary, 1) separate PCR products by agarose gel electrophoresis with 
appropriate concentration, recover the PCR products from the agarose gel using 
Qiaquick gel extraction kit (from Qiagen, Germany) and dissolve DNA in 26 µl of 
elution buffer; 2) Klenow and kinase treatment: 26 µl of PCR product, 4.0 µl of 
10X T4 PNK buffer, 4.0 µl of dNTPs (2.5 mM each), 4.0 µl of 10 mM ATP, 1 µl 
of T4 PNK (from Roche), 1 µl of Klenow (from Roche). After being kept at 37 oC 
for 20 min, the reaction mix was incubate at 75 oC for 20 min to inactivate the 
enzyme ; 3) add 200 μl QG buffer (from Qiaquick gel extraction kit) and recover 
DNA using gel extraction kit, elute PCR product with 40 µl of elution buffer; 4) 
vector preparation: pBluescript was digested with Sma I and treated with alkaline 
phosphatase (calf intestinal phosphatase – CIP, from Roche), recovered from 
solution using Qiaquick gel extraction kit; 5) ligation mixture: 10.5 µl of PCR 
product, 2 µl of pBluescript (Sma I digested), 1.5 µl of ligase buffer, 1 µl of T4 
DNA ligase (from Roche), kept in RT for 1 hr to overnight; 6) conduct 
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transformation: take 2 µl of ligation mixture for electroporation transformation or 
8 µl for heat-shock induced transformation. 
 
2.1.4 Transformation of E. coli cells 
Eletroporation mediated transformation:  
 Competent E. coli cells were prepared by the following method. A single E. 
coli colony was inoculated into 10 ml of LB medium and allowed to grow 
overnight at 37 oC with vigorous shaking. Eight milliliter of the overnight culture 
(OD600 ≈4.0) was inoculated into 800 ml of LB medium and grown to OD600 ≈0.5-
0.8. The culture was then incubated on ice for 15 min. Cells were harvested by 
centrifugation at 4 oC and washed with ice-cold water at least three times before 
being resuspended in 20 ml of ice-cold 10% glycerol (freshly made). Cells were 
harvested again and resuspended in 2 ml of ice-cold 10% glycerol. The suspension 
was then divided into aliquots of 50 µl and stored at –80 oC. For tranformation, 
DNA (2µl of ligation mixture) was added to 50 µl of the competent cells and 
transferred into Bio-Rad gene pulser cuvette. After incubation on ice for 1 min, 
this cuvette was subjected to high-voltage electroporation using the Gene Pulser 
(Bio-Rad, USA) according to the manufacturer’s instructions (25µF, 200 Ω, 2.50 
kV for 2 mm cuvettes or 1.5 to 1.8 kV for 1 mm cuvettes). For blunt-end ligation, 
cells were mixed with 1 ml of LB and incubated at 37 oC for 1 hr before being 
plated onto LB plates containing appropriate antibiotics. 
 
 
Heat-shock induced transformation: 
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 A single colony was inoculate into 3 ml LB, cultured overnight at 37 oC. 
0.5 ml of overnight culture was added to a 125 ml flask with 50 ml LB and grown 
to OD600 ≈0.6~0.8. The bacteria culture was spun down and resuspend in 20 ml 
prechilled buffer A (10 mM MOPS, pH7.0; 10 mM RbCl). The bacteria was 
pelleted again by centrifugation and resuspended in 20 ml pre-chilled buffer B 
(0.1 M MOPS, pH6.5; 50 mM CaCl2, 10 mM RbCl) and incubated on ice for 15 
min. After centrifugation, the bacteria pellet was resuspend in 1/10 culture volume 
of buffer B containing 10% glycerol. 200 µl of resuspended bacteria was aliquot 
into 1.5ml Eppendorf tube, freezed in liquid nitrogen and stored at –70 oC. Each 
tube can be used to transform two DNA samples.  
  
 For heat-induced transformation, mix appropriate amount of DNA (8 µl of 
ligation mixture or 1 µl of diluted plasmid DNA) with 100 µl of competent cells, 
incubate the mixture on ice for 30 min before heat-shock at 42 oC for 45s. Spread 
the transformed bacteria on LB plates containing antibiotics as described above 
for electroporation transformation. 
 
2.1.5  Plasmid DNA preparation 
 Plasmid DNA mini-preparation:  
 A. STET method.  
 In summary, 1.5 ml of overnight culture was spun down at 10,000 rpm for 
30s in Eppendorf tube. The pellet was resuspended in 250 µl of STET buffer (10 
mM Tris-HCl, pH8.0; 0.1 M NaCl; 1 mM EDTA, pH 8.0; 8% sucrose, 5% Triton 
X-100) containing 1 mg/ml lysozyme. The mixture was then boiled for 1 min in 
100 oC heat-block and spun for 8 min at maximum speed. After removing the 
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bacterial pellet using toothpicks, 250 µl of isopropanol was added to the 
supernatant then the mixture was centrifuged for another 6 min to pellet plasmid 
DNA. The DNA pellet was then dissolved in 50 µl of TE (10 mM Tris-HCl, pH 
8.0, 1 mM EDTA) with 0.1µg/µl RNaseA. 
 
B.Wizard® Plus SV minipreps DNA purification system (Promega) 
One and half milliliters of overnight culture was spun down at 10,000 rpm for 
30s. The pellet was thoroughly resuspended with 250 μl Cell Resuspension 
Solution followed by adding 250μl Cell Lysis Solution. After inverting the 
mixture 4 times, 350 μl Neutralization Solution was added to each tube. The 
samples were inverted to mix well and centrifuged at top speed in Eppendorf 
centrifuge for 10 minutes at room temperature. The cleared lysate was decanted 
into spin column inserted in the collection tube. The tubes were spun at top speed 
for 1 minute at room temperature and the flowthrough was discarded. The column 
was washed with 750μl Wash Solution. The flowthrough was discarded after 
spinning at top speed for 1 minute. The column was centrifuged one more time to 
clear trace Wash Solution and transferred to a sterile 1.5 ml Eppendorf tube. The 
DNA was eluted with 80μl nuclease-free water or TE buffer. DNA was stored at -
20 oC or below. 
 
 
 Plasmid DNA large scale preparation:  
 
 A. Qiagen plasmid Midi or Maxi kit 
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 In summary, 50-200 ml of overnight culture was pelleted by centrifugation 
(6000 rpm, GSA or GS3 rotor) for 10 min. The bacteria pellet was then subjected 
to Qiagen Midi- and Maxi- preparation following manufacturer’s instructions. 
 
 B. Medium scale DNA preparation using buffer P1, P2 and P3 
 Overnight culture was spun down in  a table top centrifuge at 5,000 rpm 
for 5 minutes. Resuspend the pellet with 6 ml P1 (50mM Tris-HCl, 10mM EDTA, 
pH8.0), then add 6 ml P2 (0.2M NaOH, 1% SDS), mix gently to lyse the bacteria. 
Add 6 ml P3 (3M KAc, pH 5.5), mix gently and spin at top speed for 10 minutes. 
Filter the supernatant through a layer of Kimwipes paper into a 50 ml falcon tube 
and transfer to a cortex tube. Add equal volume of isopropanol and spin for 
10,000 rpm for 30 minutes with HB4 rotor. Discard supernatant, add 400~450 μl 
TE to dissolve the DNA pellet and transfer to Eppendorf tube. Add 50 μl 3M 
NaAc and 2~2.5 volume ethanol, mix well and spin for 10 minutes and discard the 
supernatant. Add 300 μl TE to dissolve the DNA pellet and store it at -20 oC. 
 
 C. Large scale plasmid DNA preparation-EtBr method 
 One single colony was inoculated into 800 ml LB broth and grown 
overnight at 37oC with vigorous shaking. Spin the overnight culture at 
4,000rpm for 10-20 minutes at 4oC, discard the supernatant. Resuspend the 
pellet with 12 ml of 25% sucrose in 50 mM Tris-HCl, pH8.0. Add 2 ml of 
freshly prepared lysozyme (10 mg/ml) and let the suspension set for 10-20 
minute at room temperature. Add 2 ml of 0.5M EDTA, pH6.0 and mix to 
stop the reaction. Add 12 ml of Triton-lysis buffer (0.1% Triton-X-100, 60 
mM EDTA, 50 mM Tris-HCl, pH 8.0) and mix well. Spin at 23,000rpm for 
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45 minutes (or 27,000 rpm for 30 minutes using rotor SW28. Decant 
supernatant and add equal weight of CsCl. Add ~0.8ml EtBr (5mg/ml) to the 
tubes and transfer the supernatant to the centrifuge tube after the dissolve of 
CsCl. Balance the tube with 1g/ml TE-CSCl and seal the tube. Spin at 
46,000rpm in VTi50 for 16 hours. After spin, two bands labeled with EtBr 
can be seen. Remove the lower DNA band (supercoiled plasmid DNA) using 
18 gauge needles and transfer to Vti65 centrifuge tubes. Discard the higher 
band that is sheared DNA. Spin at 54,000rpm in rotor Vti65 overnight (or 
64,000rpm for 6 hours and 78,000rpm for 3 hours). Remove the lower DNA 
band using 18 gauge needles and transfer to another tube. Add equal amount 
of TE buffer to the DNA solution and extract the EtBr with equal volume of 
water-saturated butanol. Precipitate DNA with 2.5 volume of absolute 
ethanol in a cortex tube and spin at 10,000rpm for 20 minutes. Discard 
supernatant and let the pellet air dry. Re-suspend pellets with ~450 μl water 
and transfer to Eppendorf tube. Add 1ml ethanol and 20 μl 5M NaCl to 
precipitate DNA; 
 14) Spin for 10 minute at max speed, discard the supernatant and re-
suspend the pellet with desire volume of TE buffer (if it is very hard to 
dissolve the DNA pellet, put it in 4 oC overnight). 
 
 Enzymatic manipulation:  
 The isolated plasmid DNA was subjected to restriction enzyme digestion 
and analyzed by eletrophoresis using a horizontal agarose gel containing 50 µg/ml 
of ethidium bromide in TBE (45 mM Tris-borate, 10mM EDTA), with 1 kb plus 
DNA ladder (from Invitrogen, USA) as molecular size standard. Digested DNA 
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fragments for further subcloning were excised and extracted from Gel using 
QIAquick Gel extraction kit (from Qiagen, Germany) according to manufacturer’s 
instructions. 
 
2.1.6 Site-directed mutagenesis 
 35-mer oligos [calculated Tm around 70 oC. Tm = 4×(G+C) + 2× (A+T)] 
with targeted base to be mutated in the center was synthesized and subjected to 
PCR reaction (25 cycles: 94 oC, 30 sec; 55 oC, 1min; 68 oC, 1 min/1 kb length) for 
PCR-based mutagenesis. 5µl of PCR product was test by electrophoresis and the 
rest was subjected to Dpn I enzymatic digestion for 1 hr at 37 oC to remove 
template DNA and subsequently 3 µl of PCR products was used for heat-shock 
transformation. The bacteria mixture was incubated at 37 oC for 1hr before plating. 
Colonies were picked up and inoculated in LB with antibiotics. DNA mini-prep 
was carried out for potential mutated DNA. The mutated DNA was confirmed by 
Big-Dye DNA sequencing. 
 
2.1.7 PCR reaction 
 For normal PCR cloning or detection: 
 
  Reaction mixture(100μl):  
  1µl of template DNA (50 ng) 
  1µl of primers(100 ng/µl) 
  10µl of dNTPs (2.5 mMeach) 
  10µl of PCR buffer 
  1µl of enzyme  
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  Top up with dd-H2O to 100μl. 
  Reaction cycles: 
  96 oC, 2 min;96 oC, 30 sec, 60 oC, 30 sec; 72 oC, 1 min/ 1kb, 25 
cycles; 72 oC,  6min; 4 oC, ∞. 
 
 For detection of Eiger mutation, Expand long template PCR system 
(Roche, USA) was used to amplify deleted region from genomic DNA preparation 
according to manufacturer’s instruction with modification.  
  Reaction mixture:  
  350 µM dNTP 
  300 µM primers 
  2 µl of PCR buffer 
  0.75 µl of enzyme mixture 
  1~5 µl of genomic DNA, add dd-H2O to final volume of 25 µl.  
  Reaction cycles:  
  94 oC, 10 sec, 65 oC, 30 sec; 68 oC, 1 min/1 kb, 10 cycles 
  94 oC, 10 sec, 65 oC, 30 sec, 68 oC, 1min/1kb + additional 20 sec 
each cycle,  25 cycles 
  68 oC, 10min; 4 oC,∞ 
 
2.1.8 Protein analysis 
 The normal SDS-polyacrylamide gel electrophoresis was performed 
according to standard protocols (Sambrook et al., 1989) using the Mini-PROTEIN 
II electrophoresis cell (Bio-Rad, USA). The separation gel contained 10% to 12% 
of acrylamide mix (acrylamide: bisacrylamide, 29:1). Polymerization was induced 
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by the addition of TEMED and freshly prepared ammonium persulfate(10%). 
Protein samples in SDS-loading buffer (100mM DTT, 50 mM Tris-HCI [pH6.8], 
2% SDS, 0.1% bromophenol blue, 10% glycerol) were boiled for 10 min, and 
loaded onto the gel. The electrophoresis was carried out in Tris-glycine buffer (25 
mM Tris, 250 mM glycine, 0.1% SDS). The prestained broad range protein 
molecular weight marker (New English Biolabs) was used to estimate the size of 
proteins. After electrophoresis, the separated proteins were stained with 
Coomassie brilliant blue G250 for 20 min before destained with Acetic acid 
solution (45% methanol, 10% acetic acid). 
 
2.1.9 The generation of polyclonal antibody 
 Desired cDNA fragment was subcloned into pGEX4T series expression 
vectors for GST fusion protein expression. The GST fusion proteins were purified 
using GST affinity Sepharose-4B beads according to manufacturer’s instructions 
(see below). The GST fusion proteins were then eluted from Sepharose-4B beads 
using reduced form Glutathione and concentrated with CentriPrep column 
(Amicon. Com). Concentrated GST-fusion proteins (more than 0.5µg/µl 
concentration) were homogenized with Frund’s-adjuvant(complete form for first 
and incomplete form for the rest) before the immunolization of Rabbits(1ml/rabbit) 
or Mice following 2 weeks boosting and bleeding standard protocol. Anti-sera 
collected from 3rd boost were used to stain wild type embryos for endogenous 
protein expression pattern and mutant embryos for antibody specificity. 
 
 GST fusion protein purification:  
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A single colony was picked up and inoculated into 100 ml of LB with 
antibiotics, grown at 37 oC overnight. Dilute overnight culture into appropriate 
volume of LB with antibiotics to OD600≈0.1 and shake at 37 oC to 
OD600≈0.6~0.8 before adding IPTG to a final concentration of 0.5 mM. Spin 
down bacteria and re-suspend bacteria in GST-Extraction buffer (PBT+1mg/ml 
lysozyme and, if desired, protease-inhibitors (from Roche)) (for 800 ml culture, 
add 40 ml of PBT to re-suspend. The mixture was subjected to sonication for 3 
min, 20 seconds interval. The lysate was spun for 30min in SS34 rotor at 
16,000rpm for 30 minutes. The supernatant was transferred to 50 ml Falcon tube 
and incuated with 1 ml of Sepherose-4B GST beads for 1 hr at 4 oC with rotation. 
After binding, Sepherose-4B beads were washed 6X with GST (PBS+50mM Tris-
HCl, pH8.0, 1mM DTT) using table-top centrifuge. GST fusion protein was eluted 
with reduced Glutathione solution (3 mg/ml reduced glutathione in GST buffer) 
twice and eluted protein was subjected to electrophoresis with known 
concentration of standard BSA for the quantification. 
 
Purification of anti-sera 
The purified GST fusion protein was incubated with 10μg/ml thrombin for 
30 minutes at room temperature or 4 oC overnight. Separate the protein sample on 
SDS-PAGE and transfer to nitrocellular member or PVDF. Stain the filter with 
poncaeus and the protein band will turn pink color, cut the right protein band from 
the filter. Wash out poncaeus with PBS and block the filter with 5% milk in PBS 
(1% Triton X-100) for 2 hours at room temperature. Incubate the filter with serum 
at 4 oC overnight (anti-serum is 1:1 diluted with PBS). Cut the filter into small 
pieces and wash with PBS in 1.5 ml Eppendorf for 3~5 times. Elute the antibody 
Chapter2                                                                                Materials and Methods 
  
 72 
with IgG elution buffer (0.1 M glycine, pH 3.0) twice. Pool all the elute together 
and neutralize with Tris buffer (pH 9~10), dialyze in PBS overnight. 
 
2.1.10 In vitro protein binding assay 
 PCR fragments containing full length Bazooka, full length Eiger, N-
Eiger((aa 1~60),C-Eiger(aa 61~409),  full length DTRAF1, N-DTRAF1(aa 
1~333), C-DTRAF1(aa 334~486) were cloned into pGEX vectors(Amersham). 
Fusion proteins were expressed in BL21 and purified by Glutathione -Sepharose-
4B beads (Amersham). Full length Bazooka, Eiger and DTRAF1 were inserted 
into pGBKT7 or pGADT7 (Clontech). In vitro translation were performed with 
TNT in vitro transcription and translation kit(Promega) in the presence of 
[35S]methionine. In vitro binding assays were performed by incubating beads 
with [35S]methionine-labeled  proteins for 1 hour. A buffer containing 25mM Tris, 
pH 7.5, 150mM NaCl, 25mM MgCl2, 1% Triton-X100, 1mM DTT and protease 
inhibitor was used. The beads were boiled in SDS sample buffer and proteins were 
separated by SDS-PAGE. Gels were fixed in fixing buffer (50% methanol, 10% 
acetic acid) for half an hour and soaked for 5 minute in the solution containing 7% 
methanol, 7% acetic acid and 1% glycerol before drying and exposed to X-ray 
film. 
 
2.2 FLY GENETICS 
 Fly stocks are maintained according to Drosophila Laboratory Handbook 
(Michael Ashburner, 1989) in either 25 oC or 22 oC fly room. 




2.2.1 Embryo fixing 
For normal antibody staining:  
 Embryos were collected, washed with PBT (PBS plus 0.1% Triton X-100) 
and bleached with 50%household bleach for 3 min. After bleaching, embryos 
were fixed in fixative solution (4% Paraformaldehyde, 0.1 mM Hepes, pH7.6) 
with equal volume of Heptane for 12 min with shaking. The bottom layer of 
fixative was removed and equal volume of Methanol was added and the mixture 
was shaken vigorously for 1 min. The fixed embryos were collected and wash 
twice with ethanol before being stored in –20 oC. 
 
 
For microtubule staining: 
 1) Quick fixing: embryos were collected, washed with PBT, bleached for 3 
min then fixed in 37% Formaldehyde with equal volume of n-Heptane for 3 min. 
The rest of the procedure is same as normal fixing.  
 2) Methanol fixing: embryos were collected, washed with PBT, bleached 
for 3 min, pretreated with n-Heptane for 5 min, then fixed in 37% Formaldehyde 
with equal volume of n-Heptane for 10 min. The rest of the procedure is the same 
as normal fixing. 
 
For Alpha-Tubulin staining in Drosophila embryos    
 
 Embryos were collected in the basket and washed out yeast paste with 
water. Decholionate with 50% bleach/water for 2 min at room temp and wash 
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embryos with water for 4 times. After the removal of excess water, embryos were 
transfered into a glass vial containing 5ml Heptane+5ml 37% Formalin( regularly 
supplied formaldehyde containing 5% Methanol). Swing vial gently (embryos 
would be rotated on Heptane/Formalin boundary) for exactly 1 min. Quickly 
remove almost all formalin (perform within 20 sec and add 5 ml Methanol into 
vial. Shake vigorously and let embryos settle down to the bottom. Remove almost 
all the solution together with floating embryos and wash embryos with methanol 
for 3 times. Transfer embryos into 1.5 ml tube and wash embryos with PBT (PBS 
containing 0.2% Tween20) 3 times. Block embryos with 1% skim milk/PBST for 
30 min using only about 20ul total volume of embryos or less in one tube. 
Incubate with 200ul primary antibody, mouse anti-alpha Tubulin (DM1A, Sigma, 
1:20), in blocking solution for 4 hrs at room temperature. Wash embryos with 
PBST for 15 min 4 times and incubate with 200ul secondary antibody (1:20 which 
contains 1:10 mixture of Cy3-labeled anti-mouse IgG and unlabeled antibody; 
Jackson) for 2 hrs at room temperature. Wash embryos with PBST for 15 min 4 
times and mount embryos in Vectashield (Vector). 
Caution: 
1) Don’t try to fix many embryo collections in one time. Usually 
decholionate less than three collections in one time, and fix an embryo 
collection until step6 each time; 
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2.2.2 Whole embryo RNA in-situ hybridization 
 RNA probe labeling: cDNA fragment from desired gene was subcloned 
into pBluescripts vector in the desired orientation. EST clones with appropriate 
promoter can be used directly as DNA template. DNA was digested with 
appropriate restricted enzymes, recovered from agarose gel using Qiaquick gel 
extraction kit, and dissolved in RNase-free dd-H2O with a concentration higher 
than 200 ng/µl. RNA in vitro labeling was conducted with DIG RNA labeling kit 
(SP6/T7, from Roche). In summary, reaction mixture (6.5 µl of DNA 
template(about 2~4 μg), 1 µl of NTP labeling mix, 1 µl of transcription buffer, 0.5 
µl of RNase inhibitor, 1 µl of RNA polymerase) was incubated at 37 oC for 3 hrs. 
After incubation, 1 µl of RNase-free DNase I was added to remove template DNA 
before precipitation, Enzyme was inactived using 2μl EDTA For precipitation, 
1.25 µl of 4 M LiCl and 37.5µl of prechilled 100% ethanol were added and 
precipitated at –70 oC for more than 30 min. DIG labeled RNA was pelleted by 
centrifugation at maximum speed for 10 min and washed with prechilled 70% of 
ethanol. The RNA pellet was then dissolved in 15 µl of RNase-free dd-H2O. RNA 
probe was boiled for 10 min before addition to the hybridization buffer. 
 Embryo treatment: embryos were fixed using normal fixing condition and 
stored at –20 oC. Before hybridization, ethanol was removed and embryos were 
rehydrated in 3:1 MetOH: 4% paraformaldehyde/PBS for 2 min then 1:3 MetOH: 
4% paraformaldehyde /PBS for 5 min followed by 10 min fixation in 4% 
paraformaldehyde/ PBS. The embryos were then rinsed 3X with PBTween (PBS + 
0.1% Tween-20). 
 Hybridization: 1) remove PBT, add 0.5 – 1 ml of hybridization buffer (50 
% deionized formamide, 4X SSC, 1X Denhardts, 250 µg/ml boiled ssDNA, 250 
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µg/ml tRNA, 50 µg/ml heparin, 0.1% Tween-20, 5% dextran sulfate) and 
prehybridized at 52 oC for 1 hr with rocking; 2) After prehybridization, 3 µl of 
boiled DIG labeled RNA probe was added into hybridization buffer and embryos 
were hybridized at 52oC for 16 hr with rocking; 3) remove hybridization solutions, 
rinse with wash buffer (50% formamide, 2X SSC, 0.1% Tween-20), then wash at 
52 oC with more than 4 changes of wash buffer, 2 hours per time; 4) After washing, 
embryos were rinsed with PBTween at room temperature on the spiral mix and 
washed with PBTween for 30 min; 5) embryos were incubate with anti-DIG-AP 
(1:2000 in PBTween + 3% BSA, from Roche) at RT for 2 hr, then wash four times 
with  PBTween, 20 min each; 6) rinse two times with AP buffer (100 mM Tris 
pH9.5, 100 mM NaCl, 50 mM MgCl2, 0.1% Tween-20, fresh made), then wash 5 
min in AP buffer; 7) remove AP buffer, add 0.3 ml of AP buffer with 2.7 µl of 
NBT and 2.1 µl of X-phosphate (both from Roche) and incubate with shaking 
until desired color development is achieved; 8) rinse three times with PBT then 
store in 70% Glycerol and embryos are ready for microscopy. 
 
 
2.2.3 Embryo antibody staining 
 For single labeling:  
 Ethanol was removed and embryos were washed three times with PBT 
(PBS + 0.1% Triton X-100) then blocked with 3% BSA in PBT for more than 30 
min at room temperature (RT). After blocking, primary antibody was added with 
proper dilution for 2 hr at RT or overnight at 4 oC. After washing with PBT for 
three times, embryos were stained with secondary antibody for 2 hrs at room 
temperature with shaking. Before mounting with vecta sheld mounting medium 
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(from Jackson lab), embryos were treated with DNA staining chemical-Topro-
3(from Molecular Probes) for chromosome visualization. The stained embryos 
were kept in –20 oC for up to one month.  
  
 For double labeling:  
 Embryos were incubated with first primary antibody for 2 hr at RT after 
washed three times with PBT and blocked with 3% BSA. First primary antibody 
was removed and embryos were washed three times with PBT and second primary 
antibody was added for another 2 hr at RT or overnight at 4 oC. After incubation, 
second primary antibody was removed and embryos were washed three times with 
PBT. Respective secondary antibodies were added and incubated for 1~2 hours at 
RT. Rest of the protocol follows single labeling procedure. 
 
 The choice of the secondary antibody: 
 The choice of the secondary antibody depends on the origin and affinity of 
the primary antibody and the purpose of the experiment.  If the primary antibody 
is generated from rabbit, anti-rabbit secondary antibody must be used.  Similarly, 
anti-mouse, anti-rat and anti-sheep secondary antibodies should be chosen for the 
corresponding primary antibodies. If the antigen in the tissue is abundant and the 
affinity of the primary antibody binding is high, HRP conjugated secondary 
antibody can be used.  If the signal is too weak, The ABC kit from the Vector Lab 
is a good choice.  ABC kit uses biotin-avidin system and the sensitivity is about 3 
to 5 times higher.  If the sample is needed for the fluorescence observation, FITC, 
rhodamine and Cy3 conjugated secondary antibodies should be used.   
  




 HRP staining (Optimal time for staining is about 20'.) 
 Add the HRP conjugated secondary antibody diluted in PBT.  Most time 
200X dilution is fine.  If the ABC kit is used, follow the protocol provided by the 
supplier.  Incubate the embryos with secondary antibody on spiral mixer for 1-2 h 
at room temperature. 
 Remove the secondary antibody and wash with PBT 3 times on the spiral 
mixer 
 a. H2O2 Method 
  Transfer the embryos to a flat bottom 24-well tissue culture plate.  
Incubate with 0.5 ml of DAB staining solution for 20'.  Add 2 ul of 3% H2O2 to 
start reaction.  Check under the dissection microscope to see if the staining is 
desirable.  Stop the reaction by washing the embryos twice with PBT. 
 
 b. Glucose Method 
  Transfer the embryos to the 24-well plate.  Wash with buffer A 
once.  Then mix with staining mixture.  Check under the dissection microscope.  




2.2.4 Double-stranded RNA interference 
 About 0.7 kb desired cDNA fragments of genes of interest (DTRAF1, 
Bazooka) were subcloned into pBKS-ds-T7 vector for large-scale in-vitro RNA 
synthesis. The fragments flanked by two T7 promoter sites were released by AscI 
Chapter2                                                                                Materials and Methods 
  
 79
and recovered from agarose gel by Qiaquick Gel extraction kit and dissolved in 
DEPC treated water. In vitro RNA synthesis was carried out with Promega 
RiboMAXTM kit according to manufacturer’s instructions and then dissolved in 
injection buffer (1 mM Tris [pH7.5], 1 mM EDTA). Double-stranded RNA 
injection was performed as described (Fire et al., 1998; Kennerdell and Carthew, 
1998). In summary, embryos were collected over a 15~30 min period at 23 oC, 
dechorionated, and attached to a coverslip coated with a heptan extract of glue 
from Louis tape. Embryos were then desiccated and covered in a suitable amount 
of halocarbon oil. Embryos were injected prior to cellularization. Injection 
location could be anywhere but frequently the central part of the embryo was 
chosen. The RNA solution was injected using a pneumatic picopump (Eppendorff) 
according to manufacturer’s instructions. Injected embryos were aged in a wet 
chamber to desired stage (stage 9-11) and then fixed for phenotypic analyses. 
Mock-injected embryos were treated identically to injected embryos except they 
were not injected. Control embryos were injected with equal volume of injection 
buffer. The efficiencies of RNAi experiments were evaluated by the staining of 
injected embryos with corresponding antibodies. In these experiments, at least 
60% of embryos were antigen-minus. 
 
 
2.2.5 Mobilization of EP element 
 The P element EP578 inserted about 59bp upstream of the DTRAF1 
transcription unit was mobilized using P[ry+ Δ2-3](99B) as the transposase source. 
In summary, the lines containing the P element insertion was crossed with double 
balancer fly stock [Sp/CyO; Δ2-3, sb/Tm6,Ubx] to obtain male flies with EP/CyO;. 
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Δ2-3, Sb/+ genotype and mosaic eyes. Single males were then crossed to yw; 
Gla/CyO females in single vials to look for CyO male progenies which have lost 
the EP-element (w) and became white eyes. Revertant males were crossed with 
yw;Gla/CyO females again before sibling cross were set up to generate the stable 
lines. The remobilized lines were subjected to southern blot labeled with random 
primed DNA labeling kit from Roche according manufacturer’s instructions or 
single fly PCR to look for imprecise mobilization (deletions). About four hundred 
independent w– revertant lines were generated and 54 lethal lines were analyzed 
with southern blots using different portions of DTRAF1 cDNA as probes. 
DTRAF1L2 was identified as a null allele which deletes the entire coding region. 
Similar procedure was used to generate eiger mutant by imprecise excision of the 
P element KG02299, which was inserted 56bp downstream of the eiger 
transcription unit. eiger66 was identified by PCR analysis using primers 
corresponding to genomic sequence. It removes the whole coding region of eiger 
and is homozygous viable. 
 
2.2.6 Inverse PCR 
 The inverse PCR experiments were performed using Protocol from the 
methods parts of BDGP database with modification. In summary, 1) Fly genomic 
DNA was prepared using phenol-chloroform method (see below); 2) 2 flies worth 
of genomic DNA was digested with Msp1 or Sau3A in a volume of 25 µl (4µl of 
genomic DNA, 2.5 µl of Buffer, 2 µl of 10mg/ml RNase A, 14.5 µl of H2O, 2 µl 
of restricted enzyme) for 3 hrs at 37 oC before inactivation of enzyme with a 20 
min incubation at 65 oC; 3) take about 1 fly worth of genomic DNA for ligation 
(10 µl of digestion mixture, 40 µl of ligation buffer, 10 µl of 100 mM ATP, 340 µl 
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of dd H2O, 6 µl of T4 DNA ligase from Roche) at RT for O/N; 4) precipitation 
with 2.5 volume of ethanol and 1/10 volume of 3 M NaOAc), spin at maximum 
speed for 15 min to pellet DNA and dissolve it in 120 µl of dd-H2O; 5) take 10 µl 
of ligation product for PCR amplification (10 µl of ligation product, 1.0 µl of 
primer (10 µM each), 5.0 µl of dNTPs (2 mM each), 5.0 µl of buffer, 28.5 µl of 
dd-H2O, 0.5 µl of enzyme) with 30 cycles (94oC 30 sec; 60 oC 30 sec; 68 oC 2 min). 
PCR products were analyzed on agarose gels; amplified DNA bands were excised, 
purified and DNA sequencing was done with DNA Big Dye automatic sequencing. 
 
2.2.7 Fly genomic DNA extraction 
 Collect 30 flies in an Eppendorf tube and grind with 0.5 ml HB buffer (100 
mM Tris, pH7.5; 10 mM EDTA, pH8.0; 350 mM NaCl; 2% SDS; 7 M Urea). 
Extract twice with phenol: chloroform (1:1) then spin 5 min at maximum speed. 
Collect the upper phase into fresh tube, add 2 volume of 100% ethanol, invert to 
mix and spin for 5 min at 9000 rpm; 
 4) Resuspend the pellet in 250μl dd-H2O, precipitate with 1/10 volume of 
5M NaCl and 0.6 ml of ethanol, pellet DNA at 9000 rpm for 5 min;  
 5) Wash the pellet with 70 % ethanol, air-dry and dissolve in 60 µl of dd-
H2O (2 µl/fly).  
 For Southern blot, digest 10 µl of genomic DNA (5 flies) with appropriate 
enzyme(s) in buffer containing 4 mM spermidine (final concentration) and 50 
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2.2.8 Single fly DNA extraction 
 Place single fly in a 0.5ml Eppendorf tube and mash the fly for 5 to 10 
seconds with a pipette tip containing 50 μl of squashing buffer (10 mM Tris-HCl, 
pH 8.2, 1 mM EDTA, 25 mM NaCl and 200 μg/ml proteinase  K diluted fresh 
from a frozen stock just before us), without expelling any liquid (sufficient liquid 
escapes from the tip). Then expel the remaining squashing buffer. Incubate the 
tube containing the DNA sample at 37 oC for 20 to 30 minutes. After the 
inactivation of the proteinase K by heating to 95 oC for 5 minutes, the DNA 
sample was spun at highest speed for 10 minutes and 1 μl is enough as the 
template of PCR. The remaining DNA preparation can be stored at 4 oC for 
months. 
 
2.2.9 Southern blot for the detection of deletion in the fly genome 
 The genomic DNA was digested with appropriate restriction enzyme for at 
least 8 h or overnight using 2 μl enzyme per reaction. Add another 1 μl of the 
enzyme and digest for additional 3 hours. Separate the DNA sample in 1% 
agarose gel until the front dye runs out (about 300 bp), visualize the DNA samples 
with UV light and photograph following electrophoresis. Rinse the gel briefly 
with distilled water and incubate in 0.1 M HCl for 10 to 15 minutes (if the 
depurination step is too long, DNA will be completely depurinated and broken 
into tiny pieces). Wash the gel briefly with distilled water and incubate it in 
Denature buffer (1.5 M sodium chloride, 0.5 M sodium hydroxide in 1L) for 30 
minutes. Rinse gel briefly in distilled water and neutralize samples by covering 
the gel in Neutralization buffer (0.5 M Tris-HCl, pH 7.5 ,1.5 M NaCl ) and agitate 
for 30 minutes, rinse in distilled water. Transfer samples to Hybond-N+ nylon 
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transfer membrane using either a standard capillary blotting protocol or the 
VacuGene XL Vacuum Blotting System or electrophoretic transfer.  Dry the 
membrane at 65 oC for 0.5 hours and crosslink the DNA to the Hybond-N™ 
membrane in a Stratalinker (Stratagene) set to "Autocrosslink" (120,000 μJ or 120 
mJ). Rinse the membrane for 30 sec in 2X SSC to remove the agarose and wick 
away excess liquid. Roll up the filter with the DNA side facing on the inside. Put 
the filter into a hybridization oven bottle with 2X SSC, pour off the buffer, and 
roll bottle on a table to unroll the filter so it coats the side of the bottle without 
bubbles. Add 15 to 30 ml of Hybridization Buffer to the bottle and prehybridize 
the filter for 1 hr at 65°C in the rotisserie hybridization oven. Boil the probe made 
with High Prime DNA Labeling Kit (Roche) and cool on ice. Add 1 million 
cpm/ml of denatured probe to the bottle and hybridize the membrane overnight. 
Pour off hybridization buffer and wash the membrane twice for 20 min each in 
preheated (65°C) Wash Buffer, filling the bottle half full with buffer and rolling at 
65°C in the hybridization oven. Remove the membrane from the bottle and 
incubate the membrane in 500 ml of Wash Buffer in a plastic box at 65°C with 
shaking for 20 min. the filter was allowed to air dry briefly. Do not completely dry 
the filter if it is to be stripped and reprobed. Enclose the membrane in plastic wrap 
and expose the blot to film using an intensifying screen. To strip the blot, incubate 
the membrane with shaking in 0.4 M NaOH at 42°C for 30 min. Then incubate the 
membrane in Stripping Solution at 42°C for 15 min. Then proceed with 
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2.2.10 Germ line transformation 
 Full-length cDNA of DTAF1 and Eiger were cloned into pUAST vector 
(Brand and Perrimon, 1993) for germ line transformation. For heat shock induced 
ectopic expression, DTRAF1 fused with Flag tag or HA tag was subcloned into 
pCaSpeR-hs vector (Tio et al., 1999). 
 In summary:  
 Injection mixture preparation. Candidate DNA was prepared with Qiagen 
maxi-prep column and dissolved in dd-H2O at a concentration higher than 1µg/µl. 
The injection mixture (4 µg of candidate DNA, 1 µg of Δ2-3 helper DNA, topped 
up to 10 µl with injection buffer: 5 mM KCl, 0.1 mM Na phosphate, pH7.8]) was 
loaded into injection needle.  
 Embryos preparation. Embryos were collected at 15~30 min interval from 
yw cage, washed with PBT, dechorionated, attached to a coverslip coated with 
glue, desiccated and covered with a suitable amount of halocarbon oil.  
 Injection procedure. DNA mixture was injected into the posterior 
cytoplasm of pre-cellularized embryos, from where germ cells would be formed. 
For each construct, about 120 embryos were injected to ensure that each 
chromosome (X-, second-, and third- chromosome) have at least one transgenic 
insertion for genetic crossing purposes. Injected embryos were aged in a wet 
chamber at 20-22 oC for development. In most cases, larvae will hatch within two 
days and were collected/ transferred to vials containing fly food.  
 When flies hatch, each individual fly was crossed with yw, Gla/CyO flies 
of the appropriate sex and subsequently transgenic flies were selected on the basis 
of eye color. Each transgenic fly was crossed with different chromosomal 
balancers for balancing purpose. 
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2.2.11 Ectopic expression 
 For flies bearing UAS-constructs, transgenes were expressed in 
neuroblasts using the scabrous-gal4 driver. For flies or embryos bearing pCasper-
hs constructs, transgenes were induced by heat-shock for 15 min at 35 oC, then 
recovered at 25 oC in wet-chamber for 1 hr before fixation. 
 
2.2.12 Antibodies  
 Antibodies used in the studies were raised in this laboratory unless 
otherwise stated. Rabbit anti-Insc (1:1000), rabbit and rat anti-Pins (1:1000), 
rabbit anti-Baz (1:500; from F. Matsuzaki), rabbit anti-Gαi (1:250; from J.A. 
Knoblich), rabbit anti-PKC C20 (1:1000; Santa Cruz Biotechnology, Inc.), rabbit 
anti-DPar-6 (1:500, from J.A. Knoblich), rabbit anti-Mira (1:1000; from F. 
Matsuzaki), rabbit anti-Pon (1:500;from Y.N.Jan), rabbit anti-Numb (1:500; from 
Y.N.Jan), rabbit anti-β-gal (1:5000, MP Biomedical), Mouse anti-
DTRAF1(1:500), Mouse anti-Mira (1:50, from F. Matsuzaki ), anti-Pros MR1A 
(1:5, from C.Q. Doe), mouse anti-β-gal (1:3000, Chemicon), anti-β-tubulin E7 
(1:5; from DSHB) were used in these studies. Cy3- or fluorescein isothiocyanate 
(FITC)-conjugated secondary antibodies were obtained from Jackson Laboratories. 
Stained embryos were either incubated with ToPro3 (1:10000, Molecular Probes) 
for chromosome visualization and mounted in Vectashield (Vector Labs) or 
mounted directly in DNA mounting media (Lundell and Hirsh, 1994). 
 
2.2.13 Confocal analysis and image processing 
 Stained embryos were subjected to laser scanning confocal microscopy 
( Bio-Rad MRC 1024 and Zeiss LSM510). For embryonic neuroblasts analysis, 
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stage 9-11 embryos were analyzed from lateral side for nice views for dividing 
NBs. Images were processed with Adobe Photoshop. 
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3.1 Background 
 During Drosophila embryonic neuroblast (NB) division, two groups of 
proteins are asymmetrically localized to the opposite cortical regions along the 
apical-basal axis of NBs.  Bazooka (Baz), the Drosophila homolog of Par6 (Par6) 
and atypical protein kinase C (DaPKC), Inscuteable (Insc), Partner of Inscuteable 
(Pins) and the α subunit of heterotrimeric G protein (Gαi) as well as Locomotion 
defects (Loco) (Kraut et al., 1996; Schober et al., 1999; Wodarz et al., 1999, 2000;  
Parmentie et al., 2000; Schaefer et al., 2000; Yu et al., 2000, 2003, 2005; 
Petronczki & Knoblich, 2001; Schaefer et al., 2000), concentrate to the apical 
cortex of the dividing NBs and form a functional multi-protein complex.  The cell- 
fate determinants such as Prospero (Pros) (Doe et al., 1991; Vaessin et al., 1991) 
and Numb (Uemura et al., 1989; Rhyu et al., 1994), together with their respective 
adapter proteins Miranda (Mira) (Ikeshima-Kataoka et al., 1997; Shen et al., 1997) 
and Partner of Numb (Pon) (Lu et al., 1999), localize to the cortex of the NB in a 
cell-cycle dependent manner. In late G2 or early prophase, Mira/Pros are 
concentrated to the apical cortex transiently and by late prophase Mira/Pros are 
moved to the basal cortex.  Similarly, Pon and Numb are cortical in early prophase 
and colocalize with Mira/Pros basally by late prophase.  By telophase, all apical 
proteins remain in the large daughter cells and cell fate determinants such as 
Mira/Pros and Pon/Numb are exclusively segregated into the future ganglion 
mother cells (GMCs) (reviewed by Lu et al., 2000).  The cell cycle-dependent 
localization of Mira/Pros and Pon/Numb requires apical complex function.  
Mutation analyses demonstrated that the apical complex played a central role in 
the NB asymmetric division.  The apical multi-protein complex controls and 
coordinates the basal localization of cell fate determinants and later exclusive 
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segregation to the GMCs, as well as mitotic spindle reorientation by metaphase 
and generation of asymmetric spindle geometry late in mitosis (anaphase and 
telophase) (reviewed by Jan and Jan, 2001; Betschinger and Knoblich, 2004). The 
most prominent phenotype seen in mutations of apical proteins is the 
mislocalization of the cell fate determinants.  For example, in insc mutant NBs, 
cell fate determinants are often delocalized (the crescent occupies more than 50% 
of the NB cortex, sometimes even becomes uniformly cortical) or mislocalized 
(the crescent localizes to the lateral or basal-lateral side of the NB cortex) during 
prophase and metaphase.  However starting from anaphase, the great majority of 
the mutant NBs redistribute the cell fate determinants Mira/Pros and Pon/Numb as 
cortical crescents overlying one of the spindle pole in the region where the future 
GMC “buds off”.  This apical protein-independent self-correcting phenomenon 
was observed in baz and insc mutant embryos (Schober et al., 1999; Wodarz et al., 
1999; Peng et al., 2000) and has been referred to as “telophase rescue” (Peng et al., 
2000).  Similar observations were also seen in pins mutant and Gai mutant (our 
unpublished data).  The earlier study on the functions of snail family genes in 
asymmetric NB divisions proposed that in wild-type NBs two parallel and 
independent mechanisms were responsible for the Mira/Pros and Pon/Numb basal 
localization during NB divisions (Cai et al., 2001).  The dominant Insc-dependent 
mechanism, whose members include Insc, Baz and Pins, functions throughout 
mitosis, while the cryptic Insc-independent mechanism only acts late in mitosis 
(anaphase and telophase), which is responsible for the telophase rescue (telophase 
rescue mechanism).  The members of telophase rescue mechanism remain largely 
unknown except for Discs Large (Dlg), which has been implicated recently to be 
involved in telophase rescue (Siegrist & Doe, 2005).  
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 We conducted a search for potential new NB markers based on the 
published RNA in situ patterns.  Several potential candidates including 
Drosophila homolog of tumor-necrosis factor receptor-associated factor 1 
(DTRAF1) exhibiting interesting NB expression patterns were short-listed.  Fusion 
proteins made from cDNAs of these candidates were used to immunize mice and 
protein expression patterns were visualized with immunofluorescence staining.   
Anti-DTRAF1 detected an interesting apical localized staining in dividing NBs.  
 DTRAF1 was first identified as the Misshapen (Msn) interacting protein 
through yeast two-hybrid screen (Liu et al., 1999).  Msn functions genetically 
upstream of the c-Jun amino-terminal (JNK) mitogen-activated protein kinase.  
Failure to activate JNK pathway results in embryonic lethality due to the defective 
dorsal closure.  DTRAF1 has been suggested to activate JNK pathway by 
interacting with Msn in Drosophila embryos.  DTRAF1 has also been implicated 
in the JNK mediated cell death induced by ectopic Reaper in Drosophila eye 
(Kuranaga et al., 2002). Other members of Drosophila TNF signaling pathway 
were also reported (Figure 6).  Unlike the mammalian TNF/TNFR family which 
contains more than 20 ligands and receptors, the Drosophila counterpart appears 
to have only one ligand, which is Eiger (Egr) (Moreno et al., 2002; Igaki et al., 
2002; Kauppila et al., 2003) and one receptor, which is Wengen (Wgn) (Kanda et 
al, 2002; Kauppila et al., 2003).  Egr is a type II membrane glycosylated protein 
which can be cleaved and released as a soluble ligand. Ectopic expression of both 
Egr and Wgn induced apoptosis in S2 cells (Kauppila et al., 2003) and Drosophila 
compound eyes.  RNA in situ hybridization detection showed that egr and 
DTRAF1 were co-expressed in NBs.  wgn, on the other hand, was only expressed 
in mesoderm in early embryos and in the ventral cord in late embryos (Preiss et al., 
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2001; Igaki et al., 2002; Kauppila et al., 2003).  The possible functions of 




 I carried out detailed biochemical and genetic analyses of DTRAF1 and 
revealed that DTRAF1 was specifically involved in telophase rescue for the cell 
fate determinant Mira/Pros but not for Pon/Numb.  DTRAF1 is localized to the 
apical cortex of mitotic NBs and interacts with Baz in vitro. The Mira/Pros 
telophase rescue is compromised when DTRAF1 is removed or delocalized from 
the apical cortex in various genetic backgrounds. I also show that Egr, the 
Drosophila homolog of TNF, is required for telophase rescue.  Our data provide 
the first evidence that in Drosophila embryonic CNS, the members of TNF 















Figure 7. Model for apoptosis control by TNF pathway in Drosophila 




      3.2.1 DTRAF1 is apically localized in mitotic NBs 
 In our search for useful NB markers based on published RNA in situ 
patterns, DTRAF1 and other candidates caught our attention. DTRAF1 shows 
highly dynamic and complex expression pattern during embryogenesis. The 
transcripts are detected strongly in NBs and ventral nerve cord (Preiss et al., 2001). 
The domain topology of DTRAF1 is similar to other TRAF proteins previously 
identified in mammals, which contains seven zinc finger domains in its N-terminal 
region and one TRAF domain in the C terminus. The TRAF domain is responsible 
for its binding to the receptors, the formation of homo- or heterodimers and the 
interaction with a number of intracellular proteins and signaling molecules.  The 
trimerization of TRAFs also requires the intact TRAF domain (Park et al., 1999). 
However, DTRAF1 does not contain a coiled-coil region upstream of the TRAF 
domain and a RING finger domain in the amino termini, which is critical for NF-
κB activation by mammalian TRAFs.  
 Antibody raised against the C-terminal region of DTRAF1 showed that the 
protein was expressed in NBs, epithelium and axon tracks in late embryonic 
stages (Fig. 7 F).  In early developing central nervous system (CNS), DTRAF1 
was enriched in the apical cortex of the dividing NBs, similar to the localization of 
apical proteins such as Baz, Insc and Pins.  This asymmetric localization was cell 
cycle dependent. In interphase, DTRAF1 was cytoplasmic (Fig.7 A).  After NBs 
entered mitosis, DTRAF1 was apically enriched during prophase (Fig.7 B) and 
formed a typical tight crescent by metaphase (Fig.7 C), overlying one of the  
 












spindle poles.  At anaphase, the DTRAF1 apical crescent became loose and 
additional punctate cytoplasmic staining was visible (Fig.7 D).  By telophase, 
although the crescent was broader and sometime even reached the boundary of the 
cleavage plane, DTRAF1, both cortical and cytoplasmic, remained only in large 
cells (Fig.7 E).  
 The apical localization of DTRAF1 suggests that it could be a new 
member of apical complex that controls NB asymmetric division.  To investigate 
this possibility, we generated DTRAF1 mutant line by the imprecise mobilization 
of P-element insertion line EP578, in which the transposon was inserted at the 5’  
Figure 8. DTRAF1 localizes apically in mitotic NBs. (A-F), stage 10(A-E) and 
stage 15(F) wild-type embryos were stained with mouse anti-DTRAF1 and 
DNA was visualized with Topro3 staining. At interphase, DTRAF1 is cortical 
and weakly cytoplasmic(A). At mitosis, DTRAF1 was apically enriched during 
prophase (B) and formed an apical tight crescent by metaphase(C). During 
anaphase (D) and telophase (E), DTRAF1 remained in the large cell, although 
the protein was distributed to the cytoplasm. (F) In stage 15 embryos, high 
level of DTRAF1 was present in the axonal tracts of the ventral nerve cord 
(VNC).Cell body is outlined with dots. Apical is up. 




end of the gene.  One of the revertant, DTRAF1L2 is pupal lethal and carries a 
deletion of about 9 kb (Fig.8 A), uncovering the whole DTRAF1 gene.  Southern 
blot analyses indicated that the 3’ deletion did not extend to its neighboring gene 
CG17612.  In embryos lacking both maternal and zygotic 
DTRAF1 made from DTRAF1L2 allele (hence called DTRAF1), anti-DTRAF1 
antibody did not detect any obvious signals (Figure.8 B, C and D), which 
confirmed that the observed apical staining with the antibody was truly due to the 
DTRAF1 product.   
 We then examined the apical complex localization in DTRAF1 mutant.  To 
our surprise, Baz, Insc and Pins were normal in DTRAF1 mutant (Fig. 9A, B, C), 
A 
B C D Merged 
Figure 9. The generation of DTRAF1 mutant line by the imprecise mobilization 
of P-element insertion line EP578. (A) Schematic diagram of the DTRAF1 
genomic region. The P element EP578 is inserted in the 5’-UTR of DTRAF1, 
59bp upstream of the transcriptional start site. DTRAF1L2 removed the entire 
DTRAF1 coding region. (B and C) Anti-DTRAF1 (red) antibody staining did 
not detect any obvious signals in embryos lacking both maternal and zygotic 
DTRAF1 made from DTRAF1L2 allele. (D) Superimposed image of B and C. 
DNA is labeled in blue. 
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indicating that DTRAF1 was not required for apical complex localization.  We 
further looked at the DTRAF1 expression in baz, insc and pins mutants. In insc or 
pins mutant NBs, DTRAF1 was normal and localized to the apical cortex (Fig. 9 E, 
F).  On the contrary, DTRAF1 was no longer apical but cytoplasmic (Fig. 9 D) in 
baz mutant. These observations suggest that DTRAF1 requires Baz, but not Insc 
and Pins, for its apical localization and probably functions downstream of Baz 
genetically.  Ectopically expressed Insc driven from a hsp70-insc transgene and 
localized to the apical cortex in wild-type epithelial cells can not recruit the 
DTRAF1 to the apical cortex of epithelium (data not shown), as it does for Pins. 







Figure 10. DTREAF1 is not an apical complex protein. In DTRAF1 mutant 
embryos, Baz(A, red), Insc(B, red) and Pins(C, red) form crescents in the 
dividing NBs. (D-E )Asymmetric localization of DTRAF1(red) is dependent 
on Baz(D), but not Insc(E) and Pins(F). Cell body is outlined with dots. DNA 
is labeled in blue. Apical is up. 
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3.2.2 Cell-fate determinants Mira/Pros and Pon/Numb are normal in 
DTRAF1 mutant NBs 
 The apical localization of DTRAF1 in dividing NBs prompted us to 
investigate the basal localization of the cell-fate determinants such as Mira/Pros 
and Pon/Numb in mutant embryos.  Since Mira and Pros are always colocalized in 
embryonic NBs and so are Pon and Numb, I only present anti-Mira and anti-Pon 
data to represent Pros and Numb localization, respectively.  Anti-Mira and anti-
Pon staining indicated that removal of both maternal and zygotic DTRAF1 did not  
affect the basal localization of cell fate determinants (Fig.10 B, D). In telophase, 
cell fate determinants were exclusively segregated into GMCs (Fig.10 F, H) as in 




Figure 11. Cell Fate Determinants Mira/Pros and Pon/Numb are Normal in 
DTRAF1 Mutant NBs (A-H) Lateral view of stage 10 NBs labeled with anti-
Mira(green) or anti-Pon(red). In majority of DTRAF1L2 mutant NBs, Mira 
and Pon still form basal crescents in metaphase(B and D) and are segregated 
into future GMC during telophase (F and H) as in wild type NB (A, C, E and 
G). Cell body is outlined with dots. Apical is up, DNA is in blue. 
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determinant localization and segregation in DTRAF1 mutant NBs raises the 
possibility that DTRAF1 might not be involved in the basal localization of cell 
fate determinants in the NBs, or the function of DTRAF1 is cryptic or redundant 
due to other players.   
 
3.2.3 DTRAF1 is required for Mira/Pros normal crescent formation at 
metaphase in insc NBs 
 We have proposed earlier that two parallel pathways are involved in basal 
localization of the cell fate determinants (Cai et al., 2001). Insc-dependent 
machinery is dominant and functions during the whole mitosis. Baz, Insc and Pins 
are the members of the Insc-dependent machinery. The Insc-independent 
telophase rescue machinery is recessive and acts only during anaphase and 
telophase, whose members are yet to be identified.  The functions of NB telophase 
rescue machinery can be clearly demonstrated in the absence of Insc. To 
investigate if DTRAF1 is the member of the proposed telophase rescue machinery, 
we examined the cell fate determinant localization during metaphase and 
telophase in DTRAF1 mutant NBs in insc background.  We reason that if 
DTRAF1 is indeed involved in telophase rescue, we expect to see compromised 
segregation of Mira/Pros and Pon/Numb by telophase.  To quantitatively assay the 
telophase rescue, we need to examine the cell-fate determinant localization in both 
metaphase and telophase.  To score the localization of cell-fate determinants at 
metaphase, we arbitrarily define three statuses: normal crescent; extended crescent 
and cortical localization regardless the position of the basal crescent of the 
proteins.  When the cell fate determinants occupy less than 50% of the NB cortex, 
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we consider them as normal crescents (Fig. 12 A, B) and when they 
 
 
completely occupy the whole NB cortex we scored them as cortical (Fig. 12 C, D).  
The rest NBs are scored as extended crescents (Fig. 12, C, D).  
 In wild-type metaphase NBs, both Mira and Pon were colocalized and 
formed normal crescents (Fig. 10 A, C).  In metaphase insc mutant NBs, Mira 
formed normal crescents only in one third of the cells (Fig. 12 G) and in the rest of 
NBs (Fig. 12 G) Mira showed extended crescents (33%, n=64; Figure. 11 A) or 
cortical (36%, n=64, image not shown), which was consistent with the observation 
that Insc regulats cell fate determinant basal localization in early mitotic NBs.    
 In insc/DTRAF1 double mutant, we saw a dramatic decrease of the NB 
population containing normal crescents (5%, n=59) of Mira in metaphase cells 
(Fig. 12 G) and 14% NBs containing extended crescents.  The majority of 
metaphase insc/TRAF1 mutant NBs showed cortical Mira distribution (81%, n=64) 
(Fig. 12 G; Fig. 11 C). This observation clearly indicates that DTRAF1 plays a 
A  E DCB 
F J I HG 
Figure 12. DTRAF1 only affects the localization of Mira/Pros in the absent of 
Insc. In insc22 mutant neuroblasts, Mira and Pon form extended crescents in 
metaphase (A and B). During telophase, Mira is distributed into both of the 
daughter cells (F) while Pon is only segregated into the future GMC (G). In 
insc/ DTRAF1 double mutant embryos, Mira form extended crescent in 
majority of dividing neurobalst during metaphase (C) and telophase (H). 
Whereas Pon is still localized normally in the same dividing cell (D and I). (E 
and I) merged images. Apical is up, DNA is in blue. 
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role in Mira crescent localization in insc NBs as early as metaphase. In the 





3.2.4 Mira telophase rescue is compromised in the absence of DTRAF1  
 We further studied the functions of DTRAF1 at telophase in insc mutant.  
Similarly we arbitrarily divided the large cell of the telophase NBs into four equal  
zones and assigned zones according to its distance from the future GMC as 25%, 
50%, 75% and 100%(Fig. 13 A-B). At telophase when cell-fate determinants are 







Normal crescent 100% 97% 98% 31% 12% 5%
Extended crescent 0 3% 2% 69% 88% 95%
Total number of NB(n) 0 0 0 0 0 0






61 6 6462 58 59 
G 
A B D F C E
0%
Figure 13. Quantitation of Mira localization during metaphase in various 
mutant backgrounds. (A-F) The localization of Mira in metaphase is defined 
into two statuses: normal crescents that occupy less than 50% of the NB cortex 
(A and B) and extended crescent (C and D) including cortical distribution (E 
and F). (G) Quantitation of Mira localization in metaphase NBs according to 
the standard set in (A-F). Neuroblasts from stage 10/11 embryos are used for 
staining. Apical is up. Mira is in green and DNA is in blue.  
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rescue (GMC only).  The higher percentages of NBs with exclusive segregation 
indicate better telophase rescue.  In mutant NBs where cell fate determinants fail 
to be completely segregated into GMCs at telophase, they are left behind as the 
“tail” in the big cell.   The longer the tail is, the weaker is the telophase rescue.  
We accessed the telophase rescue potency based on these two parameters. In 
telophase, Mira and Pon were exclusively deposited into future GMCs in wild-
type NBs (Fig. 10 E, G).  In the absence of Insc, about two-thirds of the NBs were 
able to redistribute and segregate Mira exclusively into the GMCs (70%, n=50, 
Fig 10. E); and one quarter of the NBs had Mira remaining in 25% zone (25%, 
n=50, Fig. 13 C) of the big cell. We also saw about 5% (n=50) of the NBs 
containing the Mira “tail” in the 50% zone (Fig. 13 C).  These data indicate that in 
the absence of Insc, telophase rescue machinery is able to redistribute and 
segregate most Mira/Pros into future GMCs with less efficiency as compared with 
wild-type. 
 The telophase rescue was affected when DTRAF1 was further removed 
from the insc NBs: only 12% (n=56, Fig. 13 C) of the NBs segregated Mira 
exclusively into future GMCs and NBs containing Mira tail extending within 25%  
zone increase 1.7 folds (68%; n=56, Fig. 13 C).  NBs containing the Mira tail in 
50% zone were about 3 times as seen in insc NBs (18%; n=56 Fig.13 C). These  
data demonstrate that the telophase rescue of Mira is compromised in the absence  









 We also studied the telophase rescue of Pon in insc/DTRAF1 NBs and 
found that telophase rescue of Pon was not affected (Fig. 11 H, I, J and data not 
shown).  Thus we conclude that DTRAF1 is specifically involved in Mira/Pros 








GMC only 100% 100% 100% 70% 23% 12%
25% 0 0 0 25% 40% 68%
50% 0 0 0 5% 31% 18%
75% 0 0 0 0 6% 2%
Total number of NB(n) 0 0 0 0 0 0
1 2 3 4 5 6










Figure 14. The quantitation of Mira localization during telophase in various 
mutant backgrounds. (A-B) The large cell of the telophase NBs is divided into 
four equal zones and zones are assigned as 25%, 50%, 75% and 100% 
according to its distance from the GMC. (C) Quantitation of Mira localization 
in telophase NBs following the criterion set in (A-B). NBs from stage 10/11 
embryos are used for staining. Cell body is outlined with dots Apical is up. 
Mira is in green, DNA is in blue.  
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3.2.5 Apical Localization of DTRAF1 is Required for Mira/Pros 
Telophase Rescue 
 In insc mutant NBs, lack of DTRAF1 perturbs Mira/Pros telophase rescue.  
Since DTRAF1 retains its apical crescent in insc mitotic NBs, it is likely that the 
apical localization of DTRAF1 is required for Mira telophase rescue.  To confirm 
 
  
Figure 15. Bazooka directly interacts with DTRAF1 and is required for the 
telophase rescue of both Mira and Pon. (A-H) Stage 10 wild-type and bazGLC 
embryos were stained with rabbit anti-Mira (A, B, E, F; red) or rabbit anti-Pon 
(C, D, G, H; green).Apical is up. DNA is in blue. Mira and Pon form basal 
crescents in metaphase (A and C) and segregate into the future GMC in 
telophase (E and G) in wild-type neuroblasts. But in bazGLC neuroblasts, Mira 
and Pon are evenly distributed on the cell cortex in metaphase (B and D) and 
extend to the apical side of the big cell cortex in telophase (F and H). (I and J) 
In vitro 35S-labelled full-length DTRAF1 was precipitated with GST alone 
(GST) or full length GST–Bazooka fusion protein (GST-Baz). One-tenth of the 
input was loaded in lane 1. DTRAF1 is precipitated by GST–Baz but not by 
GST alone (I). 35S-labelled Baz can also be pull down by GST-DTRAF1 but 
not GST alone (J). 
I J
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this hypothesis, we need to conduct telophase rescue assay in a mutant in which 
Insc function is diminished and DTRAF1 is cytoplasmic.  baz mutant appears to 
be the appropriate one to test our hypothesis.  In baz NBs, not only Insc protein 
levels are decreased and often undetectable with antibody staining but also 
DTRAF1 loses its apical localization and becomes cytoplasmic (Fig.9 D).  We 
should detect defective Mira telophase rescue in baz mutant NBs if the apical 
localization of DTRAF1 is important for Mira/Pros telophahse rescue. In 
metaphase baz NBs, Mira localization tended to be ubiquitously cortical in most 
NBs (89%, n=45) (Fig 14 B) and we did not score any baz NBs with normal 
crescents. Similar cortical Mira localization was also seen in insc/DTRAF1 NBs 
(81%, n=59) while in insc NBs only 36% (n=64) of the metaphase NBs showed 
cortical Mira.  These data demonstrate that, similar to insc/DTRAF1 NBs, the 
Mira localization is disrupted in baz NBs as early as metaphase. By telophase, 
Mira telophase rescue in baz NBs appeared to be severely impaired; no exclusive 
segregation of Mira into future GMCs (0%, n=33) was seen. On the contrary, 
about 30% (n=33) of the telophase NBs contained Mira crescents extended into 
75% zone and about 46% (n=33) showed cortical Mira (Fig.14 F), which were 
seldom seen in insc or insc/DTRAF1 NBs.  These data indicate that the Mira 
telophase rescue in baz NBs is indeed largely defective and the phenotype is even 
more pronounced than that in insc/DTRAF1 double mutant.   
 We also looked at the Pon/Numb telophase rescue in baz NBs. By 
metaphase, Pon was evenly cortical in most NBs (Fig.14 D) and remained cortical 
late in mitosis (Fig.14 H), suggesting that, in addition to Mira/Pros, Pon/Numb 
telophase rescue was also disrupted in baz mutant NBs.  
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 The conclusion that Mira telophase rescue is defective in baz mutant is 
consistent with our hypothesis that apical localization of DTRAF1 is required for 
telophase rescue.  The stronger phenotype seen in the baz NBs could be due to the 
disruptions of other unknown players required for Mira telophase rescue since in 
baz mutant NBs many proteins have been affected, including apical proteins such 
as Insc and unknown components required for Pon/Numb telophase rescue.   
  
3.2.6 Egr, Drosophila Homolog of TNF, is Involved in Mira Telophase 
Rescue 
 In mammals, TRAF associates with the TNF receptor (TNFR) and 
functions in TNF signal transduction pathway.  It has been show that TNF and 
TRAF represent an evolutionarily conserved TNF-like signaling pathway in 
Drosophila, which has been confirmed through the study of over-expression in the 
compound eye. Over-expression of Egr and DTRAF1 induces cell death by 
activating the Drosophila JNK pathway and the caspase activity is not required for 
this process (Igaki et al., 2002; Kanda et al, 2002; Kuranaga et al., 2002). 
Although the studies only showed that over-expression of Eiger and DTRAF1 
results in the cell death in Drosophila compound eye, it is possible that TNF 
signal pathway may also contribute to neural development in Drosophia.  The 
involvement of DTRAF1 in Mira/Pros telophase rescue led us to consider the 
possibility that other members of Drosophila homologs of the TNF pathway 
might also be involved in the telophase rescue.  Although there are three TRAFs 
in Drosophila, only one homolog of the TNF family, Egr, was identified. Egr is a 
type II transmembrane protein with a C-terminal TNF homology domain and is 
Chapter3                                                                                   Result and discussion 
 105
predominantly expressed in the nervous system of the embryos (Igaki et al., 2002; 
Kauppila et al., 2003). 
 We search the fly data base and found one P-element, KG02299, which 
was inserted 56 bp downstream of the Egr transcription unit. The potential egr 
mutant lines were generated by the imprecise mobilization of P-element insertion 
line KG2299. We obtained one revertant egr66 which contained a deletion of 7 kb, 
uncovering the whole egr gene (Fig. 15 A). The PCR data analyses indicated that 
the deletion did not extend to its neighboring genes (data not shown). egr66 is 
homozygous viable and does not show any phenotypes for Mira basal localization 
(Fig.15 B, E).  Interestingly, in egr mutant, DTRAF1 was delocalized and became 
cytoplasmic in mitotic NBs (Fig. 15 C), indicating that DTRAF1 apical 
localization requires Egr.   
 We further assayed the Mira telophase rescue in insc/egr double mutant 
embryos.  In metaphase insc/egr NBs, Mira was cortical (Fig. 15 D) in 88% (n=58) 
of the NBs, which was higher than the insc mutant (36%, n=64) alone and was 
comparable to that of insc/DTRAF1 (81%, n=59, Fig. 12 G).  By telophase, NBs 
of 23% (n=35) of the total population segregated Mira exclusively to the future 
GMCs, which was lower than that of insc single mutant (70%, n=40).  We saw 
increased populations of the NBs (Fig. 15 F, G) with Mira retained in 25% zone 
(40%, n=35), 50% zone (31%, n=35) and 75% zone (6%, n=35) (Fig13 C).  The 
telophase rescue of Pon/Numb remained unaffected in insc/egr mutant NBs (data 
not shown). These results confirm that Egr is involved in Mira/Pros crescent 
formation at metaphase and exclusive segregation at telophase in the absence of 
Insc. Mira/Pros telophase rescue in insc/egr mutant is disturbed as in insc/DTRAF. 
We thus conclude that Egr, like DTRAF1, is also involved in Mira/Pros 





   
telophase rescue.  Since DTRAF1 is cytoplasmic in insc/egr mutant, it is likely 
that Egr functions through DTRAF1 in Mira/Pros telophase rescue.  Egr appears 
to function upstream of DTRAF1 genetically, although the exact role of Egr in 
Figure 16. Eiger is involved in Mira telophase rescue. (A) The eiger genomic 
locus. eiger66 deletes the whole coding region of  eiger. (B-E) Neuroblasts 
staining of stage 10 embryos. DNA is in blue. Apical is up. In eiger66 
neuroblasts, Mira (green) forms basal cortical crescents during metaphase (B) 
and segregates into the basal daughter cell in telophase (E). (C) DTRAF1 (red) 
is delocalized and become cytoplasmic in eiger66 neuroblasts. In insc22-
eiger66 neuroblasts, Mira (green) is evenly distributed at the cell cortex in 
metaphase (D) and forms extended crescents to apical big cell in telophase (F 
and G). 





Chapter3                                                                                   Result and discussion 
 107
apical localization of DTRAF1 is not known.  The defective Mira/Pros telophase 
rescue in insc/egr NBs further supports our hypothesis that apical localization of 
DTRAF1 is required for Mira telophase rescue.  
 
3.2.7 DTRAF1 Interacts with Baz in vitro 
 We have shown that DTRAF1 genetically interacts with and functions 
down stream of baz.  We wanted to know further if DRTAF1 physically interact 
with Baz and conducted GST fusion protein pull-down assays. GST fusion 
constructs of full length DTRAF1 and baz were made and fusion proteins were 
expressed and purified.  In our assays, 35S-labeled DTRAF1 was pulled down by 
GST-Baz and, but not by GST protein control (Fig. 14 I).  Reciprocal pull-down 
experiments confirmed the physical interactions between DTRAF1 and Baz (Fig. 
14 J). Our in vitro GST pull-down data suggest that DTRAF1 may bind to Baz in 
mitotic NBs, which may provide the explanation why DTRAF1 loses it apical 
localization in baz mutant NBs.  It is possible that physical interactions between 
DTRAF1 and Baz are critical for DTRAF1 apical localization and its function in 
Mira/Pros telophase rescue.     
 
3.3 Discussion 
 In telophase NBs, segregation of cell-fate determinants such as Pros and 
Numb into future GMCs is important for the proper development of GMCs.  The 
telophase rescue mechanism appears to be one of the safeguard pathways to 
ensure that GMCs inherit the cell-fate determinants and adopt correct cell identity 
in case the dominant basal protein controlling mechanism fails (for example, in 
insc mutant).  Telophase rescue phenomenon has long been observed but the 
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mechanisms involved in this process remain largely unknown. Our data 
demonstrate for the first time that DTAF1 and Egr are the members of the 
telophase rescue mechanism specific for Mira/Pros.   
 Although it is apically enriched in mitotic NBs and possibly interacts with 
Baz, DTRAF1 does not seem to be part of the functional apical complex.  One 
distinct feature for DTRAF1 that differs from the apical proteins is its localization 
pattern; it is cytoplasmic even in the interphase and the apical crescent is 
prominent at metaphase. On the contrary, proteins of the apical complex are 
largely undetectable during interphase and form distinct apical crescents starting 
from late interphase or early prophase.  If DTRAF1 is a bona fide member of the 
apical complex, we expect to observe defects of other apical protein localization 
in DTRAF1 mutant, as well as the mislocalization of basal proteins, which we did 
not detect.  In addition, no spindle orientation defects were observed in the 
absence of DTRAF1.  Based on these observations, we conclude that DTRAF1 is 
unlikely a functional member of the apical complex. 
 The in vitro GST fusion protein pull-down assay suggests that DTRAF1 
may physically bind to Baz and form a complex. This result is consistent with the 
genetic data that DTRAF1 loses its apical localization in baz NBs. We speculate 
that DTRAF1 enrich to the apical cortex due to apical Baz in mitotic NBs.  For 
example, in insc mutant, DTRAF1 remains apical probably due to the low levels 
of Baz.  This speculation is supported by our Mira/Pros telophase rescue data, 
which have clearly demonstrated that the full functional telophase rescue seen in 
insc mutant NBs is severely damaged in baz mutant, suggesting that the Baz 
function, at least for the Mira/Pros telophase rescue is intact in insc mutant.   
Chapter3                                                                                   Result and discussion 
 109
 A recent publication has shown that Pins/Gαi asymmetric cortical 
localization can be induced at metaphase by the combination of astral 
microtubules, kinesin Khc-73 and Dlg in the absence of Insc (Siegrist and Doe, 
2005), which coincides with our observation that DTRAF1 also forms tight 
crescent overlying one of the spindle poles at metaphase in both wild-type and 
insc mutant NBs.  Does DTRAF1 apical crescent formation also requires the 
functions of astral microtubules, kinesin Khc-73 and Dlg?  Our data do not 
support this hypothesis based on following two observations.  1. In TE35BC-3, a 
small deficiency line uncovering sna family genes, insc is not expressed but Pins 
and Gαi are asymmetrically localized, indicating that the astral microtubule based 
polarity mechanism is intact.  However, DTRAF1 loses its apical localization and 
becomes cortical (data not shown) in TE35BC-3 NBs.  2. In egr or insc/egr NBs, 
DTRAF1 is cytoplasmic even the functions of astral microtubules, kinesin Khc-73 
and Dlg are intact. We thus conclude that DTRAF1 apical localization unlikely 
shares the similar mechanism with Pins and Gαi and is independent of astral 
microtubules, kinesin Khc-73 and Dlg mechanism.  DTRAF1 apical localization 
specifically requires Egr and Baz. 
 Although Mira/Pros and Pon/Numb share similar localization pattern in 
insc NBs, further removal of either DTRAF or Egr results in only the 
compromised telophase rescue specifically for Mira/Pros, but not for Pon/Numb. 
This telophase rescue discrepancy between Mira/Pros and Pon/Numb suggests 
that the detailed mechanisms of basal localization and segregation of Mri/Pros 
differs from those of Pon/Numb, which is consistent with the observations that 
dynamics of Mira/Pros and Pon/Numb localization in early in mitosis are different 
and basal localization for Mira/Pros and Pon/Numb requires different motifs in 
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Insc molecule (Tio et al., 1999). Recently Dlg has been shown to be involved in 
Mira telophase rescue (Siegrist and Doe, 2005).  In insc/dlg double mutant, not 
only the spindle geometry was symmetric but also the Mira telophase rescue was 
affected in telophase NBs.  It would be interesting to know if Dlg is also involved 
in telophase rescue for Pon/Numb.  
 In our study, no obvious defect was observed in NBs in the DTRAF1 
mutant embryo. This could be due to the redundant functions of other DTRAF 
members. Two other members of the TRAF family have been identified in 
Drosophila; DTRAF2 (DTRAF6) and DTRAF3 (Grech et al., 2000). In order to 
clarify this possibility, we compared the expression patterns among these three 
TRAF family members in the embryos with RNA in situ hybridization.  In 
contrast to the specific and strong expression of DTRAF1 in the NBs of embryo 
(Preiss et al., 2001;  data not shown), only low levels of ubiquitous signals similar 
to the control background were seen in the NBs with DTRAF2 and DTRAF3 
probes (data not shown).  
 Our study reveals that Egr is involved in the telophase rescue mechanism 
of Mira/Pros. Egr may has its function through the control of apical localization of 
DTRAF1 since DTRAF1 becomes cytoplasmic in  egr mutant NBs. But how Egr, 
the TNF ligand, regulates and transduces the signal to DTRAF1 and the 
downstream effectors for Mira/Pros telophase rescue mechanism remains 
unknown and requires further study. In mammals, TNF pathway works as a 
typical receptor-mediated signal transduction pathway. The TNFR is a key player 
to transducer the external signal to the cytoplasmic. In fly compound eyes, ectopic 
Egr/Wgn/DTRAF1 expression showed a similar receptor-mediated signal 
transduction pathway to induce apoptosis through the activation of JNK pathway 
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(Moreno et al., 2002; Igaki et al., 2002; Kanda et al, 2002; Kuranaga et al., 2002). 
Although Wgn contains a single cysteine-rich pseudorepeat with significant 
homology to other members of the TNFR family, its cytoplasmic domain is 
unique with no sequence homology to any TNFR family member and has neither 
a TRAF2-binding domain nor a death domain, which is required for the 
interaction between TNFR and TRAF in mammals.  Furthermore, Wgn shows 
nonoverlapping expression pattern to Egr and DTRAF1. Instead of expressed in 
the neurogenic ectoderm, Wgn is expressed in the early mesoderm in the embryo 
(Kauppila et al., 2003).  All these observations suggest the possibility that Wgn 
might not be involved in Mira/Pros telophase rescue.  If it is true, the 
interpretation of the relationship between Egr and DTRAF1 would be interesting.  
Further genetic and biochemical studies of DTRAF1 may identify new partner 
involved in the TNF pathway and participated in the asymmetric division of 
Drosophila NBs. Nevertheless, we should bear in our mind that wgn expression 
was only accessed with RNA in situ detection, which may not reflect the ture 
protein levels in the embryos.  Until the anti-Wgn antibody and wgn mutant lines 
are available, we can not exclude the possibility that the receptor Wgn is not 
involved in Mira/Pros telophase rescue.  
 It has been shown that there is strong evolutionary conservation of the 
structure and function of vertebrate and invertebrate TRAFs. The predicted amino 
acid sequence of DTRAF1 shares the high identity with TRAF4 among the 
TRAFs, both within the C-TRAF domain and the entire molecule. Analysis of 
DTRAF1 binding to different members of the human TNF receptor family showed 
that this protein can interact through its TRAF domain with the cytosolic tail of 
p75 neurotrophin receptor and weakly with the lymphotoxin-β receptor (Zapata et 
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al., 2000). This pattern of binding is similar to that of TRAF4, which also binds 
specifically to these two members of the TNFR family in vitro. This observation is 
consistent with the more extensive sequence similarity of DTRAF1 with TRAF4 
(Krajewska et al., 1998; Ye et al., 1999; Zapata et al., 2000). Moreover, both 
DTRAF1 and TRAF4 show dynamic expression in the developing nervous system 
during embryogenesis in flies and in mice. DTRAF1 transcripts are detected in 
mesodermal cells and neural precursors and stomatogastric nervous system of the 
embryo (Preiss et al., 2001). TRAF4 is expressed prominently in developing 
central and peripheral nervous systems (CNS and PNS) as well as epithelial 
progenitor cells (Krajewska et al., 1998; Masson et al., 1998; Yeh et al., 1999). 
Unlike other members, TRAF4 is the least characterized of all the TRAF family 
and has not been shown to associate with any specific receptors or signaling 
pathways. All these similarities between DTRAF1 and TRAF4 suggest that they 
may share conserved functions in the development of neural system.  The role of 
DTRAF1 in the asymmetric division of Drosophila NB may shed light on the 
study of TRAF4 functions in the mammalian system.  
 Fig 16 is the summary of possible DTRAF1 and Egr functions in 
Mira/Pros telophase rescue.  We propose that DTRAF1 enrich to the apical cortex 
in mitotic NBs due to the interaction between DTRAF1 and Baz. Only when the 
dominant basal protein controlling pathway is defective (for example, in insc 
NBs), apically localized DTRAF1 is required for Mira/Pros telophase rescue. It 
seems that the signaling triggered by Egr, the TNF ligand in Drosophila, is also 
required for the apical localization of DTRAF1 and its proper function in 
telophase rescue machinery.  




Fig. 17.  Diagram illustrating where DTRAF1 and Egr lie within a proposed 
genetic hierarchy which regulates telophase rescue.  
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 Table2. Laemmli SDS-PAGE Gel 
 Unit: ml 
Lower Gel(20ml) 5% 8% 10% 12% 15% 20% 
30% Acry-Bis 
65% Sucrose 










































50 mg/ml in water –20°C 
100 µg/ml (1/500) 
Chloramphenicol 
34 mg/ml in 
ethanol 
–20°C 170 µg/ml (1/200) 
Kanamycin 10 mg/ml in water –20°C 50 µg/ml (1/200) 
Streptomycin 10 mg/ml in water –20°C 50 µg/ml (1/200) 
Tetracycline HCl 5 mg/ml in ethanol –20°C 50 µg/ml (1/100) 
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Stacking Gel (10 ml) 4% 
30%Acrylamide-bis 





















GH pOT2 EcoRI XhoI T7 PM001 SP6 EcoRI 
LP pOT2 EcoRI XhoI T7 PM001 SP6 EcoRI 
SD pOT2 EcoRI XhoI T7 PM001 SP6 EcoRI 
AT pOTB7 EcoRI XhoI PM001 T7 T7 EcoRI 
RE pFLC-I XhoI BamHI T7 T3 T3 NotI(SacI, EcoRI) 




EcoRI XhoI T3 T7 T7 NotI(EcoRI) 
LD pOT2(21101~) EcoRI XhoI T7 PM001 SP6 EcoRI 
pFLC-I~3.0kb      pOT2-1665bp   pOTB7-1815bp 
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Table4. Fly stocks used 
Name Genotype Source 
DTRAF1L2 Deletion of the DTRAF1 coding region Make in this study 
nem22-DTRAF1L2 Double mutant of Insc and DTRAF1 Make in this study 
eiger66 Deletion of the Eiger coding region Make in this study 
nem22-eiger66 Double mutant of Insc and Eiger Make in this study 
eiger66--DTRAF1L2 Double mutant of Eiger and DTRAF1 Make in this study 
nem22 EMS allele for inscuteable laboratory collection 
BazXi106 Null allele for bazooka gene laboratory collection 
UAS-Gαi 
Transgenic fly carrying UAS-Gαi construct 
for UAS/Gal system overexpression 
laboratory collection 
pinsp89 








gal4 driver inserted into the downstream of 
scabrous promoter region 
laboratory collection 
UAS-insc 
Transgenic fly carrying UAS-insc (full 







Table5. Primers used in this study 
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Name Sequence 
Pwht1 5’-ACG CTA ATC ACT CCG AAC AGG TCA CA-3’ 
Plac1 5’-CAC CCA AGG CTC TGC TCC CAC AAT-3’ 
Plac4 5’-ACT GTG CGT TAG GTC CTG TTC ATT GTT-3’ 
Pry1 5’-CCT TAG CAT GTC CGT GGG GTT TGA AT-3’ 
Pry2 5’-CTT GCC GAC GGG ACC ACC TTA TGT TAT T-3’ 
Pry4 5’-CAA TCA TAT CGC TGT CTC ACT CA-3’ 
Plw3-1 5’-TGT CGG CGT CAT CAA CTC C-3’ 
Sp1 5’-ACA CAA CCT TTC CTC TCA ACA A-3’ 
Spep-1 5’-GAC ACT CAG AAT ACT ATT C-3’ 
T3 5’-GTA ATC CGA CTC ACT ATA GGG C-3’ 
T7 5’-AAT TAA CCC TCA CTA AAG GG-3’ 
FLP-5’ 5’- GAG AAG TTC CTA TTC CGA AGT TCC -3’ 
FLP-3’ 5’- ACT TTC TAG AGA ATAG GAA CTT CGG-3’ 
FLP-5’ -1 5’-CGC ACT AGT T TC TCG GTA CTA TGC -3’ 
FLP-3’-1 5’-GCA GCA TAT TAC AGC CGT ATG GGT C-3’ 
malE 5’-GGTCGTCAGACTGTCGATGAAGCC-3´ 
M13 5’-CGCCAGGGTTTTCCCAGTCACGAC-3’ 
Eiger-NdeI-5’ 5’-ccatATGACTGCCGAGACCCTCAAGCCG -3’ 
Eiger-3’ 5’-ccTTACACCTTGAAGATGCCAAAGTAGCTTCGG -3 
Eiger-180-3’ 5’-ccTTACTGCCAGATCGTTAGTGCGAG-3’ 
Eiger-180-NdeI-5’ 5’-ccatATGACAACGCGTGTATCGCATCTGGAC-3’ 
Wengen-NdeI-5’ 5’-ccatATGATGCCGCCAAGACTGCCAGGCGG -3’ 
Wengen-3’ 5’- ccTCAGCCCTTCAGGCCGGAACAGCCGC-3’ 
Wengen-600-3’ 5’-ccTCAAGTCTGCCAGTCAAGGACCCAGG-3’ 
                                                                                                                   Appendix 
 135
Wengen-600-NdeI-5’ 5’-ccatATGGGCGTTCTTTACGTGGCCGTGC-3’ 
DTRAF1-NcoI-5’ 5’-cgcgccATGGTTCGAAGTTTGGCCCAGTGG-3’ 
DTRAF1-999-3’ 5’-ccTTACAGAGTGCCTGTGTAGTTGATGG-3’ 
DTRAF1-670-EcoRI-5’ 5’-gatcGAATTCTCGGCTGACACACTGCCC-3’ 
DTRAF1-1000-NdeI-5’ 5’-cgcgcatatgTTGTGGAAGATCACCGACTGGTCG-3’ 
DTRAF1-XhoI-3’ 5’-ggccctcgagTTAGACGGCCACTATCTTGCTG-3’ 
 
 
 
 
 
 
 
 
 
 
 
 
